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 Three different projects are described, in which target molecules are synthesized 
based on specific functional goals: electromechanical response, bent-core phase 
formation, and charge transport behavior. The bulk properties of these materials are then 
characterized with respect to these goals.  
The first project entails the synthesis and characterization of several variations on 
W317, a calamitic liquid crystal with a strong electroclinic effect. α,ω-diene analogues of 
this molecule were synthesized and reacted via ADMET into a main-chain polymer, with 
the goal of creating electromechanical actuators. To improve the bulk strength and 
macroscopic response of the polymers, attempts were made at cross-linking, including 
co-polymerization with a unit containing pendant cinnamate groups, or by mixing with a 
compound containing two benzophenone units linked by a tether. An analogue of W317 
containing a thiol at one end and an alkene at the other was synthesized and polymerized 
in-cell by UV light.  
 In the second project, several homologues of W513 were synthesized and 
characterized. W513 is known to be an extremely rare example of a bent-core molecule 
 iv 
 
that exhibits the B4 phase, yet does not contain a Schiff base. Seven n-alkyl-tailed 
homologues were synthesized and all of them exhibit the B4 phase, but interestingly, 
their behavior and stability in other bent-core phases (particularly the B1) varied widely. 
In addition, two perfluoroether-tailed versions and an α-methyl branched alkyl-tailed 
version were synthesized, none of which exhibited any bent-core phases. 
 The third project involved the synthesis of a library of materials for use as liquid 
crystal organic photovoltaics. This library consisted of oligothiophenes containing 
between three and six rings joined at the alpha positions, with two terminal tails 
consisting of either alkoxymethyl groups or perfluoroetheroxymethyl groups. 
Investigations are still ongoing regarding charge-transport behavior in these compounds.  
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Overview 
Liquid crystals (LCs) are materials which exhibit behaviors characteristic of both 
liquids and crystals. Like liquids, these materials flow easily and are relatively 
incompressible. Like crystals, they exhibit long-range orientational order of the 
constituent molecules, and long-range positional order in zero, one, or two dimensions. 
What makes them unique is that they typically do not exhibit three-dimensional 
positional order – a molecule may be positionally constrained in one or two directions, 
but can otherwise move freely. These phases, when they exist for a given substance, 
typically occur at temperatures intermediate between the liquid and crystalline phases. 
For this reason, they are named mesophases, and substances which exhibit them are 
named mesogens. During cooling, it is not uncommon for a molecule to pass through 
several different liquid crystal phases before finally crystallizing. The lower the 
temperature at which a mesophase exists, the more ordered it is. The earliest reported 
example of a mesogen was in 1888, when Friedrich Reinitzer, an Austrian botanist, 
studied derivatives of cholesterol isolated from plants. He reported that a certain 
derivative passed through two different melting points, and briefly showed a purple-blue 
color as it reached each transition temperature. Reinitzer discovered that this intermediate 
phase rotated polarized light. He contacted Otto Lehmann, a physicist, who later studied 
the optical responses of these compounds. 1  
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 The behavior of liquid crystals is due to immiscibility of different sections of the 
molecule. Typical mesogens will contain two or more groups with limited compatibility, 
so that each group prefers to interact with the corresponding group on adjacent molecules 
rather than with the incompatible portion. There are two major subdivisions of liquid 
crystals based on this principle: lyotropic and thermotropic substances. 1  
Lyotropics attain this combination of incompatible groups by using one or more 
long, nonpolar alkyl tails attached to an ionic head group. The head group will readily 
interact with molecules of polar solvent, while the tail prefers to sequester itself away 
from polar molecules. For this reason, lyotropics are also known as amphiphiles (since 
they are both hydrophilic and lipophilic). Lyotropic mesophases can only exist in the 
presence of a solvent, and their concentration in the solvent is the main determinant of 
which phases are formed, though they are also sensitive to temperature. Some natural 
examples of lyotropic molecules include soap molecules and cell membranes, which 
often form structures like those shown in Fig. 1.1 2 below. The nonpolar tails of soap 
molecules prefer to embed themselves in small droplets of lipid, while the polar groups 
interact with water, explaining the ability of soap to seemingly dissolve oils and fats into 
water. The molecules of a cell membrane form a double layer, so that the molecules are 
oriented with their tails inside the bilayer and their head groups interacting with the water 
around them.  
 
Figure 1.1: In a lyotropic material, the polar head groups (red) interact with the aqueous medium, while the 
nonpolar tails (yellow) sequester themselves. This leads to many structures, such as micelles and bilayers. 
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For a thermotropic mesogen, temperature is the more important determinant of 
phase. Thermotropics are typically studied as pure substances, rather than being mixed 
with a solvent. There are many different options for providing incompatible groups 
within the same molecule, but the most common is a combination of rigid aromatic cores 
with flexible alkyl tails. Molecular shape is also highly modifiable in these molecules, 
with a few specific shapes forming mesophases most reliably. These are discotic, 
calamitic, and bent-core molecules (Fig. 1.2). 1 
 
Figure 1.2: Three common molecular shapes for thermotropic molecules are discotic, calamitic, and bent-core. 
Discotic molecules are flat, disc-shaped objects which prefer to form into stacks 
known as columnar phases. Discotic molecules are not discussed in detail in this work. 
Calamitic molecules (from the Greek word for stalk or stem) are rod-shaped and display a  
variety of phases, depending on structure. Calamitic molecules are the most commonly 
studied type of thermotropic liquid crystals, and their phases are described below. Bent-
core molecules and their unique phases are discussed in more detail in Chapter 3.  
 
Calamitic Phases 
 There are numerous phases available to calamitic molecules. They are subdivided 
based on the type and degree of ordering. All these mesophases have orientational order: 
the rods are all pointed in approximately the same direction. This direction is known as 
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the director. Some mesophases also consist of layers, which are described by the layer 
normal vector (Fig. 1.3 3). 
 
Figure 1.3: Four common calamitic phases are the isotropic, nematic, smectic A, and smectic C, listed in order of 
descending temperature. Together they form the INAC sequence. The individual molecules have average 
alignment along the director, and if layers exist they have a layer normal. 
If orientational order is the only type of ordering in the system, it is known as a 
nematic phase.  In nematics, the center of mass of each molecule moves as if it were part 
of an isotropic liquid, since there is complete positional freedom. Smectics, by contrast, 
have positional order as well as orientational: the molecules lie within a stack of layers. 
Each molecule can move with relative freedom within its layer, but crossing from one 
layer to the next is constrained. Smectic phases are therefore quasi-crystalline, but only in 
one direction. The phase is called smectic A if the layer normal is parallel to the director, 
and smectic C if the layers are tilted from the layer normal by some angle. This tilt angle 
will usually increase as the temperature is lowered, until it saturates at some characteristic 
value. 4 
The isotropic, or liquid, phase is not a mesophase but is typically listed as a phase 
of the liquid crystal regardless. The temperature at which a sample transitions to the 
isotropic phase upon heating is called the clearing point, since the sample often becomes 
transparent at this point.  
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This series of phases is known as the INAC phase sequence. Not every mesogen 
exhibits all of these phases, but the phases that occur are always in this order. For 
instance, a molecule might have an IAC or an INC phase sequence. Additionally, its 
phase sequence may differ depending on whether it is being heated or cooled. If a phase 
is seen during both heating and cooling, at is called enantiotropic and is usually the 
thermodynamic global minimum for the system at this range of temperatures. If a phase 
is seen only during cooling, it is a metastable, supercooled state, and is called 
monotropic. Monotropic phases will usually transition to the enantiotropic phase over 
time. 
 
Characterization 
 Several techniques are commonly used to characterize mesogens. In addition to 
the typical organic molecule characterization techniques – nuclear magnetic resonance 
(NMR) on both carbon and hydrogen, mass spectrometry, and elemental analysis – there 
are techniques which characterize the bulk phase behavior of the sample rather than 
individual molecular properties. The most widely used of these techniques are differential 
scanning calorimetry (DSC) and polarized light microscopy (PLM).  
DSC is a technique for detecting phase transition temperatures with high 
accuracy. A small amount of the compound is sealed in a tiny aluminum pan, and is 
placed in a chamber along with a pan containing a reference sample. These two samples 
are heated at a controlled rate, usually 1-2 degrees per minute. The difference in energy 
required to heat each pan is plotted with respect to temperature, and most peaks in this 
plot are considered phase transitions (Fig. 1.4). 
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Figure 1.4: An example of a DSC trace, showing two peaks caused by phase transitions. 
At these points the compound will absorb (if heating) or release (if cooling) 
additional heat before proceeding to the target temperature. The integral of each peak 
gives the total energy required for the phase transition. Generally the first melting point 
will have a larger peak than the clearing point, as the mesophases are closer in enthalpy 
and entropy to the liquid than the solid.  
 PLM is useful for both characterizing phases and measuring phase transition 
temperatures, though DSC is far more accurate for this latter task. The theory of PLM is 
based on the fact that an anisotropic sample will have different indices of refraction for 
light polarized in different directions, a condition known as birefringence. This means 
that if a beam of unpolarized light passes through the sample, it will be split into two 
beams based on polarization: the ordinary ray, and the extraordinary ray. Since one of 
these rays (typically the extraordinary) travels more slowly than the other, the two will be 
out-of-phase when they recombine. As a result, the ray will become elliptically polarized 
(Fig. 1.5 5). 
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Figure 1.5: A beam of unpolarized light being split into two rays as it passes through a birefringent material. 
 If two polarized plates are placed with their axes at right angles (described as 
crossed), no light should pass through them, since a beam with the correct polarization to 
pass through the first plate should not be able to pass the second plate. However, if a 
birefringent sample is placed between them it will rotate the light on its path between the 
plates, allowing some light to pass through the second plate (Fig. 1.6 5).  
 
Figure 1.6: An anisotropic sample between two crossed polarized plates will allow light to escape the second 
plate. 
In the context of a polarized light microscope, the first plate is called the polarizer 
and the second plate is called the analyzer. A sample of liquid crystal is prepared by 
filling a glass cell with a thickness on the order of microns. This cell is placed in a 
microscope and observed at various temperatures. The resulting pattern of color is called 
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a texture (Fig. 1.7 3). Since the isotropic phase is not birefringent it does not allow light to 
pass through the analyzer, and appears black.  
 
Figure 1.7: Some example visual textures for isotropic, nematic, smectic A, and smectic C. 
Often the alignment of the layers is not uniform throughout the sample, as 
evidenced above by the many differently-colored regions. A common theme in poorly-
aligned smectics is the appearance of focal conic regions (the many small, circular 
regions in the rightmost two images above). This can be ameliorated by the use of an 
alignment layer on the inside of the glass cell. An alignment layer consists of a very thin 
coating of polymer, usually polyimide or nylon. The polymer is deposited by spin-coating 
a solution onto two glass plates, then by repeated brushing to align the polymer chains in 
a uniform direction. After the glass plates are joined to make a cell, the cell is filled and 
the molecules will preferentially align themselves with the polymer chains.  
 Depending on the information desired, the sample can be further manipulated 
during PLM observation. A very common method involves the application of an electric 
field across the sample. It is possible to make the cell from glass which has been coated 
with a very thin layer of indium tin oxide (ITO), a transparent conductive material. This 
allows the creation of electrodes on either inside face of the cell, which can be driven by 
 9 
 
an external voltage. This is used to observe electrooptical response of the sample. Other 
manipulations involve the use of a hotstage to control the temperature of the sample, and 
thus which phase is being examined.  
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Overview 
Since the early 1990s, a number of polymers have emerged that show a significant 
change in size or shape when subjected to an electric field. 1 These electroactive polymers 
(EAPs) offer a wide range of possibilities for use as artificial muscles, especially in fields 
such as robotics and prosthetics development (Fig. 2.1 2). 
 
Figure 2.1: Artificial muscles lend themselves to use in robotics, among other fields. 
Previous EAPs were capable of only a small strain, but in the last two decades a 
series of materials have been produced which permit a number of different possibilities. 
There are many factors which make polymers attractive: they are inexpensive, pliable, 
lightweight, resistant to breakage, and can be molded into a wide range of shapes. Their 
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main competitors for the task are electroactive ceramics (EACs), which are unsuitable for 
many uses due to their fragility and rigidity. Shape-memory alloys (SMAs) are another 
class of materials which have been investigated for use as artificial muscles, but lack the 
high response speed, resilience and low weight that are theoretically achievable with 
EAPs.  Table 2.1 below shows the properties of some representatives of these three main 
classes of materials. 1 For natural skeletal muscle, typical values are 25% strain, 0.35 
MPa force, and 5-10 Hz maximum contraction frequency. 3 
Property EAPs EAC SMA 
Strain > 300% 0.1% - 0.3% < 8% 
Force (MPa) 0.1 - 40 30 – 40 200 
Reaction Speed µsec to min µsec to sec msec to min 
Density 1 – 2.5 g/mL 6 – 8 g/mL 5 – 6 g/mL 
Drive Voltage 10 – 150 V/µm 50 – 800 V 5 V 
Power Consumption mWatts Watts Watts 
Fracture Behavior Resilient, elastic Fragile, brittle Resilient, elastic 
 
Table 2.1: Some characteristic properties of various candidates for use as artificial muscles: electroactive 
polymers (EAPs), electroactive ceramics (EACs), and shape-memory alloys (SMAs). 
In addition to the various inorganic materials currently under consideration for 
use as artificial muscles, there are several types of organic materials that are good 
candidates: conductive polymers, electrostrictive materials, carbon nanotube films, and 
hydrogels. 3 Most systems fulfill some of the requirements - high stress, high strain, fast 
reaction speed, low density, low drive voltage, and high fracture-resistance, among others 
- but no material currently available meets all of these needs. 4, 5  
 13 
 
The possibility of using liquid crystals polymers as artificial muscles was first 
suggested by de Gennes in 1997. 6 De Gennes’ theoretical system was based upon a 
reversible phase change in a specifically designed nematic elastomer. Since then, various 
groups have tested the theory with successful results, creating materials that show 
reversible, uniaxial, macroscopic shape changes (the three necessary criteria for use as a 
muscle) under thermal 3, 7, 8, 9 or optical 10, 11 stimuli. These polymers served as a proof of 
concept, and could be applied to certain applications such as sunlight-induced expansion 
of spacecraft components. The disadvantage to these materials is that the speed of 
response is quite low, typically on the order of seconds or tens of seconds. In order to be 
a substitute for natural skeletal muscle, much faster response times are needed.  
 
The Electroclinic Effect 
Electroclinic liquid crystals consist of chiral molecules that self-organize into 
layers, wherein the long axis of each molecule is on average parallel to the layer normal. 
In this phase, called the chiral smectic A phase or SmA*, an applied electric field will 
cause the molecules to tilt in proportion to the strength of the field up to a certain point. 
Beyond this point, the tilt saturates and no further response occurs. 12 As shown in Fig. 
2.2 below 13, this tilt should lead to shrinkage of the layers. 
 
 
Figure 2.2: Illustration of the layer shrinkage accompanying electric field-induced director tilt in a chiral liquid 
crystal smectic A phase, otherwise known as the electroclinic effect. 
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The electroclinic effect saturates at higher tilt values near the phase transition for 
SmC* to SmA*, as tilt can most easily be induced by an electric field at the Curie point, 
where spontaneous symmetry breaking occurs.  
 There are two different types of tilt which can be measured: optical tilt and X-ray 
tilt. Optical tilt measures the apparent degree of rotation visible by PLM. Since this effect 
is dominated by the aromatic cores of the molecule which typically tilt more than the 
tails, the apparent optical tilt is often higher than the overall tilt of the molecule. 14 X-ray 
tilt measures the layer spacing of the sample, from which the average tilt angle of the 
overall molecule can be calculated. 13  
Many electroclinic liquid crystals have been synthesized previously; however, 
most of these showing a large saturation field-induced optical tilt are of the de Vries type. 
In de Vries phases, the molecules are tilted with respect to the layer normal, but the tilt 
direction is random on a small length scale, giving an average orientation parallel to the 
layer normal. 15 The molecules can be thought of as being constrained to lie on the 
surface of a cone, where the cone’s vertex angle remains constant but the molecule can 
lie on any path from the tip of the cone to the base (Fig. 2.3). 
 
Figure 2.3: Depiction of two adjacent layers in a de Vries-type material. In the absence of a field, directors lie in 
a random direction on the surface of a cone; the application of a field biases them to prefer one side of the cone. 
The thickness of each layer does not change because the tilt angle remains the same. 
When an electric field is applied, the cone angle remains the same, but the 
molecular orientation is biased in one particular direction around the cone due to the 
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coupling of the applied field with an electric polarization of the liquid crystal caused by 
the symmetry of the biased system. This means that although the optical tilt of the 
samples can be quite high, the actual layer shrinkage is very small. This behavior is very 
beneficial in other electrooptical devices, but is not particularly useful for creating 
artificial muscles. 
W317 (Fig. 2.4) is an example of the extremely rare class of anti-de Vries SmA* 
materials, first synthesized by the Walba group in 1991. 16 
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Figure 2.4: The structure of W317, an anti-de Vries compound with an unusually high saturation tilt. 
W317 shows an electric field-induced optical tilt experimentally indistinguishable 
from its X-ray tilt. 17  Molecules of W317 appear to behave as rigid rods in the SmA* and 
field-induced tilt phases.  This phenomenon provides the maximum layer shrinkage 
possible for a given optical tilt. Most liquid crystals in this category have a 
disappointingly small saturation tilt, but W317 is a surprising exception. It shows 
maximum tilt angles of around 20°, corresponding to layer shrinkage of 5% - 7%. Since 
the bulk strength of the liquid crystal is low, this layer shrinkage occurs with very little 
sample strain; the layer shrinkage is accommodated by a tilting of the layers. However, 
linking the molecules together into a polymer chain should greatly enhance the ability of 
the sample to apply macroscopic force. 13 Thus the system is a good candidate for 
development of electro-mechanically responsive materials, or artificial electric field-
actuated muscles.   
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A potential pitfall lies in the fact that minor changes in the structure of a 
compound can result in enormous changes in physical properties. For example, W415, a 
similar molecule to W317, differs only by the presence of a double bond midway along 
the achiral tail (Fig. 2.5).  
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Figure 2.5: Comparison of the structures of W317 and W415. The only difference is the presence of a mid-chain 
alkene. 
Despite the very close resemblance between these molecules, W415 is de Vries 18 
while W317 is strongly anti-de Vries. This serves as a reminder of the exceedingly 
delicate nature of the structure-property relationships in liquid crystals.  
In designing new artificial muscle systems based upon LCs, a key factor to 
consider is the manner in which the LCs are incorporated into the polymer chain, as this 
can also strongly affect the material’s properties. Although many structural possibilities 
exist, the two most commonly discussed are side-chain and main-chain LC polymers 
(Fig. 2.6). Side-chain polymers are comb-like structures consisting of a backbone of 
some common polymer, with liquid crystal units attached by one end. Main-chain 
polymers incorporate links to both ends of the liquid crystal, joining them end-to-end in a 
continuous chain.  
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Figure 2.6: Schematic of side-chain versus main-chain liquid crystal polymers. In side-chain polymers, a single 
tail of the LC is polymerized into a chain that consists mainly of non-LC repeat units. In main-chain, the two 
tails are polymerized end-to-end. 
The biggest practical difference between these two systems is in how the polymer 
backbone transfers force between adjacent units of liquid crystal. It is to be expected that, 
although a side-chain polymer allows some transference of force, the end-to-end tension 
along the polymer that allows the sample to contract will be higher in a main-chain 
polymer.  
It was not until 2001 that the first LC-based EAP was created by Zentel et al. The 
molecular structure was based on a chain of siloxane polymer with two different liquid 
crystal monomers attached to it (Fig. 2.7). 19  This material showed a tilt of 16o, 
corresponding to a strain of 4%, at a field of only 1.5 V/µm. The field required was 100 
times smaller than in the second-best electrostrictive material available at the time, 
poly(vinylidene fluoride-trifluoroethylene). The electrostrictive response also had a 
pronounced maximum near the phase transition for SmC* to SmA* (for the 
unpolymerized mesogen), as explained above. 
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Figure 2.7: The structure of the first electrically-activated artificial muscle polymer. It is a side-chain polymer 
with a backbone of polysiloxane and two different pendant liquid crystal groups. 
Unfortunately, the measurements of film thinning were all made by optical 
microscopy, and so no evidence was attained of macroscopic change in the film 
thickness. This system was later found to be de Vries, giving it no bulk properties useful 
for artificial muscles. A very similar system to this polymer was investigated by Zentel et 
al. in 2005, with interferometric measurements of suspended film thickness. 20 However, 
the measurements made still do not deconvolute the effects of film thickness and optical 
anisotropy.  
Two monomers similar to W317 were polymerized into a side-chain polymer in 
2006 by Spillmann et al (Fig. 2.8). 21  
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Figure 2.8: Mixture used by Spillmann to create a side-chain polymer of W317 variants. It consists of 70.5 mol% 
Component 1 (W317 with single polymerizable tail), 25 mol% component 2 (W317 with additional core ring and 
single polymerizable tail), and 2.5 mol% component 3 (crosslinker). 
Contraction strains and shearing (Fig. 2.9 21) were observed upon the application 
of an electric field to the sample, consistent with optical tilt measurements. The sample, 
which was 10 microns thick, exhibited significant mechanical anisotropy: the elastic 
modulus was 1.5 MPa perpendicular to the layers and only 0.6 MPa parallel to the layers.  
 
Figure 2.9: Response of Spillmann's polymer to electrical field. Both contraction and shearing are exhibited. 
Since stress normal to the layers is opposed by strong van der Waal’s forces 
between the aromatic cores of the mesogens, while stress applied along the smectic layers 
causes the relatively flexible polymer backbone to elongate with much less resistance, 
these results are expected. 21  
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First generation: ADMET-polymerized alkenes 
The first attempt at synthesis of a main-chain polymer version of W317 was made 
by Dr. Hong Yang in our group, using a synthetic path to the monomer which was very 
similar to the synthesis of W317 itself. W525, an α-ω diene suitable for polymerization 
using acyclic diene metathesis, was prepared as shown in Fig. 2.10. 13  
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Figure 2.10: Synthesis scheme for W525, a doubly alkene-terminated W317 analogue. The tails are attached by 
Mitsunobu reactions, and the two halves are brought together with a DCC-promoted ester coupling. 
Each half of the target molecule (10) was synthesized by coupling an alkyl tail 
containing a terminal alkene to one half of the aromatic core. For the left half (8), a 
simple Williamson ether synthesis was used. For the right half (9), the chiral tail (5) was 
first synthesized by forming a cuprate and using it to ring-open the commercially 
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available chiral propylene oxide (4). The tail was then attached to the nitrated half of the 
core (2) by a Mitsunobu reaction. The two halves of the molecule were then joined by 
DCC coupling. This synthesis lends itself readily to substitution of different tails onto 
either or both sides of the target. W525 transitions from isotropic to smectic A at 54.5°C, 
and remains there until below room temperature.  
The W525 monomer (10) was then polymerized into a main-chain polymer (11) 
using ADMET and the Grubbs I catalyst, as shown in Fig. 2.11. 13 Chain lengths of 50-
250 repeat units were obtained by running the polymerization for 1-3 days in 
chlorobenzene under vacuum, to drive off the waste product ethylene and drive 
equilibrium towards product. The degree of polymerization was calculated by end-group 
analysis in 1H-NMR. Although the exact ratio of cis to trans dienes in the chain was not 
found, it is estimated to be around 70% trans, 30% cis, based on results with similar 
systems.  
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Figure 2.11: Polymerization of W525 by Grubbs I-catalyzed ADMET. 
Characterization of samples of poly-W525 (11) indicates that the polymer retains 
some of the characteristics of W317 itself. The sample was aligned by placing a small 
 22 
 
sample in a well on a glass plate, heating to isotropic, and drawing out one end of a fiber 
by hand using a micropipette. These fibers have quite good layer alignment (Fig. 2.12 13). 
 
Figure 2.12: A fiber of poly-W525 pulled from the isotropic. It exhibits quite good alignment of layers, as shown 
under PLM. 
The main chain of the polymer, and the repeat units themselves, are parallel with 
the fiber axis. The exception to this is the few layers closest to the exterior of the fiber; 
there, the repeat units are aligned perpendicular to the fiber axis (Fig. 2.13 13).  
 
Figure 2.13: X-ray data shows that the interior layers are aligned perpendicular to the fiber, while the surface 
layers are parallel to the fiber. 
All polymer samples showed a SmA* phase over a range of at least 50ºC. Across 
the temperature range of this phase, X-ray diffraction (XRD) shows a layer shrinkage of 
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6.8%, corresponding to an X-ray tilt of 21º. Since the optical tilt is 22º, this indicates that 
the liquid crystal is still anti-de Vries, even after polymerization. However, macroscopic 
sample shrinkage was not reliably observed; X-ray data indicates that within fibers pulled 
from the sample, the repeat units are tilting within their layers upon application of a field, 
but the layers themselves are also tilting with respect to the fiber (Fig. 2.14 13). This 
results in a negligible change in fiber length, even though there is technically layer 
shrinkage. X-ray data indicates that the layers distort into conical shapes with a single 
defect, rather than a chevron pattern with multiple defects.  
 
Figure 2.14: Rather than individual molecules tilting within their layers to contract the sample, the entire layer 
structure is deforming into a conic shape to accommodate the layer shrinkage.  
The layer structure, which is quite uniform in fresh samples, shows substantial 
degradation after several tilt cycles, indicating that electroclinic tilt is still taking place, 
but in an incoherent and unproductive way.  
Although this did provide a way to study the optical characteristics of the 
polymer, it was hard to control reproducibly. One possible workaround that was 
considered was the use of rheological devices to pull fibers under very consistent 
temperatures and pull rates, but due to lack of equipment this idea was not investigated. 
The main problem to overcome was sample cohesion. 
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Second generation: Crosslinking with cinnamates 
We hypothesized that the problems with poly-W525 (11) derived from a lack of 
cohesive strength, and could be solved by cross-linking the material to provide an 
elastomer. This was predicted to hold the sample together and give it higher overall 
strength, since the chains should be locked in place relative to one another. With some 
luck, this would prevent degradation of the layer structure, and give the sample the ability 
to deform macroscopically under an electric field. Any really useful artificial muscle 
system involving LC polymers would likely require crosslinking to an elastomeric form. 
At the same time, it was important to allow the sample some freedom of movement, so 
that the molecules were not locked in so tightly that tilting became impossible. With this 
in mind, it became necessary to find a “sweet spot” for degree of crosslinking. 
The cinnamate system in Fig. 2.15 was chosen as a good candidate for 
accomplishing the crosslinking, due to its photoinduced cyclization.  
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hν (λ = 254 nm)
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Figure 2.15: General depiction of cinnamate-based crosslinking. Two adjacent groups can undergo 
cycloaddition in the presence of the appropriate wavelength of UV light (greater than 300 nm). In the presence 
of a shorter wavelength of UV light (254 nm), the cycloaddition reverses. 
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The cinnamate units can be reversibly crosslinked based on the wavelength of UV 
light they are exposed to. 22 If attached to suitable linker units, they should be easily 
incorporated as pendant groups into the polymer chain.  
 These crosslinkers were synthesized by attaching the cinnamate ester to a 
norbornene unit with a carboxylic acid side group, as shown in Fig. 2.16. Crosslinkers 
with either one or two pendant cinnamate groups were synthesized. 23  
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Figure 2.16: Synthesis scheme for the cinnamate-based crosslinkers. 
 These units were incorporated into the chain under the same polymerization 
conditions as previously. 13 Polymers were synthesized using each type of crosslinker in 
amounts of 1 mol% to 5 mol% (Fig. 2.17).  
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Figure 2.17: Structures of polymers created with up to 5 mol% of a crosslinker. The crosslinkers have either one 
or two pendant cinnamate groups. 
Crosslinker incorporation into the chain was measured by analysis by 1H-NMR 
spectroscopy. The incorporation and distribution of crosslinker into the chain was not 
measured directly, but is believed to proceed by ROIMP (ring-opening-insertion 
metathesis polymerization), as described by Grubbs. 24 ROIMP involves rapid ROMP 
polymerizations of the norbornene units, followed by slow, random incorporation of 
W525 units into the chain by ADMET-like metathesis (Fig. 2.18). This should give a 
desirable random copolymer of mesogen and crosslinker, rather than a block copolymer. 
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Figure 2.18: General schematic for ROIMP (ring-opening-insertion metathesis polymerization). The oval 
indicates the core of the liquid crystal, or any doubly alkene-terminated molecule. 
Although polymerization proceeded as expected, the polymers produced had 
unsatisfactory characteristics. Prior to UV exposure, the samples behaved like the first-
generation polymers. After exposure, however, the samples ceased to tilt entirely upon 
application of a field. It is likely that the small amount of crosslinker was enough to 
disrupt the phases and suppress the electroclinic effect in the samples. This was the case 
even for samples with approximately 1% of crosslinker incorporated into the chain.  
Another drawback to the metathesis-based polymer systems is that for each 
sample, several days were required for the polymerization and workup. Since a new 
polymer sample had to be made for each type and amount of crosslinker desired, the long 
reaction and workup time was highly problematic. With the goal of avoiding both of 
these problems, a new system was devised.  
 
Third generation: Crosslinking with benzophenones 
 As an alternative to the cinnamate crosslinkers, benzophenone-based crosslinkers 
were proposed. These were not incorporated into the polymer during the ADMET 
process, but were added later as a separate component in solution. In the presence of UV 
light, benzophenones are capable of forming an excited diradical. This diradical can then 
abstract a hydrogen radical from any aliphatic part of the molecule and bond to the 
resulting carbon radical, as shown in Fig. 2.19. If two benzophenones are tethered 
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together, they can theoretically bond to two nearby polymer chains and hold them 
together. 25 
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Figure 2.19: Mechanism for benzophenone bond-forming reaction. 
 The double-benzophenones were made by Williamson ether synthesis of a ten-
carbon chain with the 4-hydroxybenzophenones, 26 as shown in Fig. 2.20. 
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Figure 2.20: Synthesis of the benzophenone crosslinker, consisting of two benzophenone units tethered together 
with a ten-carbon chain. 
After synthesis, this crosslinker was added in various amount to a solution of 
polymer, and evaporated to dryness. Even with amounts of crosslinker less than 1%, 
crosslinking was extremely facile. It appeared to proceed under ambient lighting 
conditions, making PLM characterization difficult. Fibers were pulled, but were also too 
viscous to observe under PLM, and were too insoluble for NMR characterization to be 
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possible. At this stage, ADMET polymers were abandoned entirely, in favor of a polymer 
system that was easier to align without early crosslinking. 
 
Fourth generation: Thiol-ene polymers 
An entirely different system proposed for creating main-chain polymers is based 
on thiol-ene polymerizations (Fig. 2.21). 27  
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Figure 2.21: General scheme for thiol-ene polymerization. Once the thiol and alkene are brought together, the 
polymerization is promoted easily by ultraviolet light, assisted by a photoinitiator. 
If one tail of the liquid crystal is replaced with a thiol-terminated alkane rather 
than a terminal alkene, then this polymer becomes a possibility. The enormous benefit to 
using this system lies in the fact that both the chemical polymerization and the 
crosslinking steps can be achieved simultaneously, as both are promoted by UV light. 
Additionally, polymerization can take place inside a glass cell after the sample has been 
aligned. This is a far easier procedure than creating a polymer in solution first, and then 
attempting to align the polymer chains afterwards. 28  
Recently, Yang, Keller et al. used a thiol-ene photopolymerization approach to 
prepare main-chain nematic liquid crystalline elastomers with ultra-large amplitude 
contractions 29  as well as a fluorinated main-chain chiral smectic thiol-ene polymer. 30 
These experiments serve as a proof of concept: thiol-ene photopolymerization is a fairly 
reliable approach for preparing well-aligned main-chain liquid crystalline 
electromechanical actuators in one step, by illuminating an aligned mixture of liquid 
crystal monomers, crosslinkers and photoinitiators. 
 30 
 
The liquid crystal was synthesized in a similar manner to W525, with the tails 
being attached to each half of the core. Initially, synthesis of the thiol was attempted via a 
silane, as shown in Fig. 2.22. 31  
O COOHPh3Si SH +
NC-C6H10-N=N-C6H10-CN
Benzene, reflux
O COOHSPh3Si
R.T.
CF3COOH
O COOHHS
 
Figure 2.22: Early attempt at creating thiol-terminated tail by addition of a triphenylsilylthiol group, followed 
by cleavage of the triphenylsilane. The second step failed to work. 
However, the product only reverted back to the alkene after the second step of the 
reaction was attempted. Instead, the thiol was synthesized from a 1,10-dibromo chain, 32 
as shown in Fig. 2.23. Although this step is statistical and produces a significant quantity 
of doubly benzoate-terminated chains, the starting materials are cheap and easily 
synthesized. Once the singly benzoate-terminated chains are isolated, the bromine end 
can be converted to a thiol by the use of thiourea. 33  These reaction conditions have the 
added benefit of deprotecting the carboxylic acid at the same time, to prepare it for 
coupling. The coupling was achieved by a similar method to that used for W525, but with 
the substitution of EDCI for DCC. This was done to make purification easier and for 
reasons of convenience – EDCI is a crystalline powder, while DCC is a powerful 
sensitizer with a melting point not far above room temperature. 
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Figure 2.23: Synthesis scheme for W642, a thiol-ene analogue of W317, and its photopolymerization. 
 During PLM characterization of the W642 monomer, it displayed very similar 
traits to W317 and W525. Although its phases occurred at lower temperatures than the 
parent molecule (I → 29.6oC → SmA* → -10oC → Cr), it exhibited the desirable SmA* 
over a similarly large range. It also exhibited the desired electroclinic response, showing 
saturation tilt angles comparable to those of W317 (Fig. 2.24): 12o as compared to the 20o 
saturation tilt for W317. It should be noted that due to limitations in equipment, tilt 
measurements were not taken at the lower end of the SmA* phase range. At colder 
temperatures the saturation tilt would be higher.  
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Figure 2.24: Electroclinic tilt response of W642 at different temperatures in a 1.78 micron cell. 
A mixture was made of W642 with approximately 2 mol% of a radical initiator, 
ACHN. The mixture was again filled into a cell and checked for tilting and phase 
behavior (identical to pure W642) before polymerization. The sample was placed under a 
UV lamp for 40 minutes as a preliminary test of in-cell polymerization. Some change was 
evident, as the sample ceased to tilt in response to a field. To determine polymer 
characteristics, the cell was dissolved around the polymer by soaking in HF for several 
days. After the glass disappeared entirely, the polymer film was fished out and rinsed 
copiously with water and acetone. NMR characterization was attempted but the film was 
insoluble in every solvent tried.  
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To better understand polymerization behavior, a new cell was filled with the 2% 
initiator mix. The sample was placed under the UV lamp for exactly 1 minute, then 
placed in the microscope and subjected to an electric field of 60 V and 1 Hz to measure 
tilt angle. By repeating this process back-and-forth until tilting disappeared, it was 
possible to detect the point at which electroclinic behavior was disrupted. (The 
assumption was made that once initiated, polymerization did not continue in the absence 
of UV. This assumption was borne out by exposing a sample for 1 minute, then 
measuring the tilt both immediately afterward and 20 minutes afterward. The two tilts 
were identical.) For the 2% mix, the point at which tilting ceased was at 6 minutes of 
exposure, but tilting began to degrade significantly after only 3 minutes. With this in 
mind, a sample was polymerized for only 2 minutes and then placed in HF to dissolve the 
cell. Once the polymer film was isolated, it proved to be soluble enough in CHCl3 to 
obtain an NMR spectrum. A chain length of only 2.63 repeat units per chain was found. 
This implies that at 3 minutes, when tilt starts to decrease, the sample is barely more than 
trimers. This does not bode well for bulk properties.  
Two other mixtures were made, with 0.75 mol% and 0.55 mol% of initiator, 
respectively. These samples were both measured under the same conditions, and both 
ceased to tilt after 7 minutes of UV exposure. Again, a sample of each mixture at the 
point just before tilt degradation was removed from the cell for NMR characterization, 
and again, the samples proved to have chain lengths of approximately 3 and 4 units, 
respectively. Polymer samples were also made up with the same concentrations of a 
different photoinitiator, Irgacure 651. Very similar results were obtained at all 
 34 
 
concentrations, so the lack of desirable behavior seems to be a characteristic of the 
polymer itself, rather than any undesirable side reactions with the initiator. 
As a side note, an interesting property of all the W642 compounds was noticed 
during PLM characterization. Unlike most achiral SmA mesogens, the W642 cells did not 
exhibit alignment of the layer normal (and hence, the individual molecules) parallel to the 
rubbing direction of the alignment layer in the cells. Instead, the layer normal was tilted 
by approximately 9o from the surface rubbing direction, and this was true for pure W642, 
W642 mixed with initiator, and poly-W642. This is believed to be the result of a surface 
electroclinic effect, a chiral rotation of the director away from the layer normal in the 
vicinity of the liquid crystal-glass interface caused by the chiral interaction between the 
two. 34 This is a behavior that also occurs in the structurally similar W415 (Fig. 2.5), 
which exhibits a very high surface electroclinic effect of 24o. 35  
At this point, W642 was abandoned as a compound of interest for artificial 
muscles. Later work done on this polymer system by Yang and Keller used a slightly 
different variation of the W642 synthesis (Fig. 2.25). 28 The left tail consisted of nine 
methylene units rather than ten, and the thiol was substituted in for the bromine after the 
molecule was assembled, using TBAF and (Me3Si)2S (hexamethyldisilathiane). Also, the 
chiral center was made from (S)-propylene oxide rather than (R)-propylene oxide, 
although this should not change any of the material’s properties in an achiral 
environment. 
 35 
 
COOMeHO+
K2CO3, 2-butanone
Br Br7
COOMeOBr 7
HO
NO2
O
4
DCC, DMAP
O
NO2
O
4
Br
7
O
O
TBAF, (Me3Si)2S
O
NO2
O
4
HS
7
O
O
AIBN, dichloroethane, 70oC, 45 h
O
NO2
O
4
S
7
O
O
*
n
K0902
poly-K0902
 
Figure 2.25: Synthetic scheme for K0902, a very similar compound to W642. 
The resultant liquid crystal, K0902, exhibited very similar phase behavior to 
W317 on cooling: I → 50oC → SmA* → 5oC → SmBHEX → -10oC → Cr for the thiol, 
compared to I → 76oC → SmA* → 23oC → SmBHEX → -7oC → Cr for W317. Again, 
like W642, K0902 was found to have a reasonably large surface electroclinic effect (Fig. 
2.26 28). The rotation is approximately 13o for K0902, compared to 9o for W642. As a 
consequence of this, filling the material into a cell with both surfaces rubbed in the same 
direction does not allow for a uniform direction of alignment, because the top surface is 
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attempting to rotate the layers 13o in one direction while the bottom surface attempts to 
rotate it 13o in the other direction. 35  
 
Figure 2.26: The texture of K0902 in the SmA* phase (at 40oC) in: a) a 2.5 micron cell with one surface rubbed. 
b) a 4 micron cell with both surfaces parallel-rubbed. c) a 5 micron thick cell with no surface treatment. In both 
a) and b), the rubbing direction is vertical. 
The lack of alignment in two-rubbed-surface cells turned out to be solvable: after 
cooling slowly to isotropic, a square-wave field was applied at 10 Hz and 50V. Several 
minutes of this forced the director into alignment with the surface (Fig. 2.27 28). This is 
probably why the effect did not come into consideration for W642: even though it was 
filled into a cell with both surfaces rubbed, it was subjected to a field almost immediately 
and the lack of uniform alignment was not a cause for concern. 
 
Figure 2.27: Textures of K0902 at 27oC in a 5 micron cell, both before (left) and after (right) the application of a 
square-wave field. Both glass surfaces were rubbed in the same direction, indicated by R. 
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Polymers of K0902 were created under different conditions, both in solution and 
neat with AIBN, but the average degree of polymerization never exceeded six units. This 
poly-K0902 showed phase transition temperatures of I → 98oC → SmA* → 9.2oC → 
Glass, so the broadness of the SmA* phase remained comparable to that of the monomer. 
Again, the polymer samples were aligned by melting to isotropic and drawing fibers with 
a micropipette. The fibers showed excellent alignment, with the bulk of the mesogenic 
repeat units aligning parallel to the fiber’s axis (Fig. 2.28 28).  
 
 
Figure 2.28: Alignment in a fiber of poly-K0902. Similar to that shown in poly-W525, alignment is parallel to the 
fiber axis. 
Just as for W642, the monomer was also polymerized in-cell. A mixture of K0902 
and 1 mol% of the photoinitiator 2-benzyl-2-(dimethylamino)-4’-
morpholinobutyrophenone was prepared. The sample was filled in a glass cell and a 
polymerized by illuminating exposing the sample for 5 minutes with a UV lamp (30 
mW/cm2, λ = 365 nm, Electro-Cure 410). At this exposure time, the polymer was still 
tilting, although more weakly than the monomer (Fig. 2.29 28). A noticeable effect was in 
the response time – the monomer showed a relaxation frequency of approximately 10 
kHz, while the polymer showed a relaxation frequency of well below 10 Hz.   
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Figure 2.29: (a) Electroclinic effect in the SmA* phase of K0902 and poly-K0902 (temperature dependence of 
the induced tilt for an applied voltage of 60 V, frequencies of 400 and 8 Hz, respectively). (b) Induced tilt in the 
SmA phase of the monomer at 44oC as a function of the applied field amplitude (400 Hz). (c) Relaxation 
behaviors of the monomer and the polymer at several temperatures within the SmA* range. 
In conclusion, it was found that although W642 and K0902 have exactly the same 
core structure as W525 and W317, the tilt behavior is less than satisfactory. It is unknown 
at this time how this relates to the thiol-ene polymerizable moiety, and the mystery still 
remains to be solved.  
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Experimental Procedures 
General Methods: Commercially available reagents were used as purchased 
without further purification unless otherwise noted. THF was purified by distillation from 
a sodium/benzophenone ketyl still under an argon atmosphere prior to use. All 
nonaqueous reactions were performed in oven-dried glassware under an atmosphere of 
dry argon unless otherwise noted. All aqueous solutions used for reaction work up were 
saturated unless otherwise noted. A Thermo IEC Centra CL2 centrifuge was used for 
isolation of the polymers after precipitation. All flash chromatography was performed 
with silica gel (40-63 microns, 230-400 mesh) purchased from Silicycle. Analytical thin-
layer chromatography (TLC) was performed on Silica G TLC plates w/ UV with a 
thickness of 200µm, purchased from Sorbent Technologies. Compounds were visualized 
with short-wave UV, or by staining with I2, p-anisaldehyde, or vanillin. If either of the 
latter two stains were used, the plate was heated to visualize spots. UV polymerization 
and crosslinking were performed under a Blak-Ray Long Wave Ultraviolet Model B 
100AP lamp, approximately 15 cm from the bulb (20 mW/cm2, λ = 365 nm).  
New compounds in the synthetic route were routinely characterized by NMR 
spectroscopy.1H and 13C NMR spectra were recorded using a Varian Unity INOVA-500 
or a Bruker AM-400 spectrometer. 1H NMR spectra are reported in parts per million (δ) 
relative to residual solvent peaks (7.26 for CDCl3). 13C NMR spectra are reported in parts 
per million (δ) relative to residual solvent peaks (77.23 for CDCl3).  
For the mesogenic materials, liquid crystal phases and phase transition 
temperatures were determined by polarized light microscopy using a Nicon-HCS400 
microscope with an Instec-STC200 temperature-controlled stage. X-ray experiments 
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were temperature-controlled with an Instec STC200 hotstage, and data were collected 
using a point detector mounted on a Huber four-circle goniometer at either of the 
following: Synchrotron radiation at beamline X10A of the National Synchrotron Light 
Source (NSLS), Brookhaven National Laboratory, or Cu K(R) radiation from a Rigaku 
UltraX-18 rotating anode generator, operated by the Liquid Crystal Materials Research 
Center, University of Colorado-Boulder.  
 
HO OH
NO2
2
 
 
3-Nitro-biphenyl-4,4'-diol (2) 
 
Biphenyl-4,4'-diol (1) (10.01 g, 53.7 mmol) was dissolved in 500 mL of ethyl 
acetate. NaNO3 (5.087g, 59.8 mmol) in 90 mL H2O was added to the resulting solution. 
Acetic anhydride (0.5 mL, 5.29 mmol) and concentrated HCl (20.5 mL, 248 mmol) were 
then added dropwise to this mixture. The reaction was allowed to stir at room 
temperature (RT) for 2 hours. The layers were separated, and the aqueous layer was 
further extracted with ethyl acetate (3 x 200 mL). The combined organic layers were 
dried over anhydrous MgSO4, filtered, and then concentrated at reduced pressure to give 
a dark brown oil. Purification of this crude product by flash chromatography in 5:1 
hexanes:ethyl acetate gave a mixture of mononitrated and dinitrated products 
(approximately 80% 3-nitrobiphenyl-4,4'-diol and 20% 3,3'-dinitro-biphenyl-4,4'-diol 
based on 1H NMR analysis) as a bright orange solid (9.765 g, 75.8%). This mixture was 
used in the subsequent reaction without further purification, as the dinitrated and 
mononitrated products are difficult to separate. This compound has been previously 
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reported. 1H NMR (500 MHz, CDCl3): δ 10.55 (d, 1H), 8.26 (d, 1H), 7.77 (dd, 1H), 7.44 
(d, 2H), 7.36 (d, 1H), 6.92 (d, 2H). 13C NMR (100 MHz, CDCl3): δ 165.1, 153.1, 143.1, 
134.2, 133.3, 132.0, 130.3, 128.9, 128.7, 120.7. 
 
HO
5
 
(R)-Oct-7-en-2-ol (5) 
A single grain of I2 was added to oven-dried Mg turnings (0.5570g, 22.92 mmol) 
under argon, and the mixture was stirred for 30 min. At room temperature, a solution of 
5-bromo-1-pentene (3) (3.2873 g, 22.06 mmol) in 10 mL dry THF was slowly added to 
the Mg/I2 over a period of 2 hours, and allowed to reflux naturally. After completion of 
the addition, the mixture was allowed to stir for 1 hour at RT, and 30 min at 0 °C. Solid 
CuI (0.4185 g, 2.20 mmol) was then added to the solution, which was allowed to stir for 
30 min before slow addition of a solution of (R)-(+)-propylene oxide (4) (1.0012g, 17.24 
mmol) in 6 mL dry THF, keeping the temperature at 0°C. The reaction mixture was 
allowed to stir for an additional 3 hours at 0°C, then poured into saturated NH4Cl 
solution, stirred 1 hour, and extracted with Et2O, The organic layer was dried with 
MgSO4, filtered and concentrated by rotary evaporation to give an oil, which was 
purified by flash chromatography in 4:1 hexanes:ethyl acetate to provide (R)-oct-7-en-2-
ol (2.034 g, 92.1%) as a colorless oil. This compound has been previously reported. 1H 
NMR (500 MHz, CDCl3): δ 5.78 (m, 1H), 4.95 (m, 2H), 3.78 (m, 1H), 2.05 (m, 2H), 
1.30-1.47 (m, 6H), 1.17 (d, 3H). 13C NMR (100 MHz, CDCl3): δ 138.9, 114.1, 67.9, 40.2, 
33.8, 28.9, 25.2, 23.4. 
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4-Dec-9-enyloxy-benzoic acid (8) 
 9-Decen-1-ol (6) (0.6611 g, 4.23 mmol), 4-hydroxy-benzoic acid methyl ester (7) 
(0.6276 g, 4.12 mmol) and triphenylphosphine (TPP) (1.2880 g, 4.91 mmol) were 
dissolved in 40 mL dry THF. Diethyl azodicarboxylate (DEAD) (3.90 mL, 24.0 mmol) 
was added via syringe with stirring and under argon to this mixture. The reaction was 
stirred overnight for 12 hours at RT and then concentrated to an oil which was purified by 
flash chromatography (10:1 hexanes:ethyl acetate) to yield 4-dec-9-enyloxy-benzoic acid 
methyl ester as a white solid. This compound was then prepared for hydrolysis by 
addition of 10 mL of 10:1 methanol:H2O and lithium hydroxide monohydrate (0.4890 g, 
11.65 mmol). The reaction was refluxed for 16 hours and was then acidified to a pH of 1 
by the dropwise addition of concentrated HCl. After the addition of 50 mL H2O, the 
solution was filtered and washed with additional H2O. The resultant solid was dried under 
vacuum to yield 4-dec-9-enyloxy-benzoic acid (0.9717 g, 85.3 %) as a white solid which 
was pure enough to carry on to the next step. This compound has been previously 
reported. 1H NMR (500 MHz, CDCl3): δ 8.03 (d, 2H), 6.91 (d, 2H), 5.79 (m, 1H), 4.95 
(m, 2H), 4.01 (t, 2H), 2.03 (m, 2H), 1.80 (m, 2H), 1.35 (m, 10H). 13C NMR (100 MHz, 
CDCl3): δ 164.0, 139.5, 132.6, 121.7, 114.5, 68.6, 34.1, 29.7, 29.6, 29.4, 29.1, 29.2, 26.3. 
 
 
 
 43 
 
HO
NO2
O
49
 
(R)-4'-(1-Methyl-hept-6-enyloxy)-3'-nitro-biphenyl-4-ol (9) 
A solution was made up of (R)-oct-7-en-2-ol (5) (1.2622 g, 9.84 mmol), TPP 
(2.8222 g, 10.76 mmol), and 3-nitro-biphenyl-4,4'-diol (2) (1.8886 g total, comprising 
6.54 mmol compound 2 and 1.37 mmol dinitrodiol as described above), in 75 mL dry 
THF. Under argon and with constant stirring of the flask, DEAD (1.878 mL, 11.64 
mmol) was added via syringe. The reaction mixture was allowed to stir for 12 hours at 
RT, and was then concentrated by rotary evaporation to give an orange oil which was 
directly subjected to purification by flash chromatography in 20:1 hexanes:ethyl acetate 
to yield (R)-4'-(1-methylhept-6-enyloxy)-3'-nitro-biphenyl-4-ol (1.6568 g, 84.7% based 
on 80% purity of 3-nitro-biphenyl-4,4'-diol) as an orange oil. This compound has been 
previously reported. 1H NMR (500 MHz, CDCl3): δ 7.93 (d, 1H), 7.64 (dd, 1H), 7.40 (d, 
2H), 7.08 (d, 1H), 6.90 (d, 2H), 5.79 (m, 1H), 5.20 (s, 1H), 4.98 (m, 2H), 4.51 (m, 1H), 
2.05 (m, 2H), 1.79 (m, 1H), 1.65 (m, 1H), 1.42 (m, 4H), 1.36 (d, 3H). 13C NMR (100 
MHz, CDCl3): δ 155.8, 150.6, 141.3, 139.1, 133.5, 132.0, 131.6, 128.3, 123.7, 116.5, 
116.3, 114.9, 76.8, 36.4, 33.8, 29.2, 25.1, 19.9. 
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4-Dec-9-enyloxy-benzoic acid 4'-(1-methyl-hept-6-enyloxy)-3'-nitrobiphenyl-4-yl ester 
(10), abbreviated as W525 
(R)-4'-(1-Methyl-hept-6-enyloxy)-3'-nitro-biphenyl-4-ol (9) (1.0667 g, 3.12 
mmol), 4-dec-9-enyloxy-benzoic acid (8) (0.8558 g, 3.10 mmol) and 4-
(dimethylamino)pyridine (DMAP) (0.2133 g, 1.03 mmol) were dissolved in 25 mL dry 
CH2Cl2 under argon. A solution of dicyclohexyl carbodiimide (DCC) (0.5578 g, 4.567 
mmol) in 5 mL dry CH2Cl2 was added via syringe. The reaction mixture was stirred for 
16 hours at RT, and then concentrated by rotary evaporation to give the crude product as 
an orange oil. After purification with flash chromatography in 20:1 hexanes:ethyl acetate, 
this yielded W525 (1.6020 g, 86.2 %) as a yellow oil. This compound has been 
previously reported. 1H NMR (500 MHz, CDCl3): δ 8.14 (d, 2H), 7.99 (d, 1H), 7.68 (dd, 
1H), 7.57 (d, 2H), 7.28 (d, 2H), 7.11 (d, 1H), 6.96 (d, 2H), 5.80 (m, 2H), 4.94 (m, 4H), 
4.53 (m, 1H), 4.03 (t, 2H), 2.05 (m, 4H), 1.82 (m, 3H), 1.63 (m, 1H), 1.40 (m, 14H), 1.36 
(d, 3H). 13C NMR (100 MHz, CDCl3): δ 165.2, 163.9, 151.2, 151.0, 141.3, 139.4, 139.0, 
136.4, 132.9, 132.6, 132.2, 128.0, 124.1, 122.7, 121.5, 116.3, 114.8, 114.6, 114.4, 76.7, 
68.6, 36.3, 34.0, 33.8, 29.6, 29.4, 29.3, 29.1, 29.1, 29.0, 26.1, 25.0, 19.8. Phase 
transitions: I → 54.5°C → SmA (on cooling, determined by microscope observation). 
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W525 Polymer (11a) 
The W525 monomer (0.0953 g, 0.159 mmol) was dissolved in 3 mL 
chlorobenzene. Grubbs’ Catalyst I (0.0018 g, 0.002 mmol) was added, and the flask was 
connected to a dry vacuum pump (approx. 25 mm Hg) for the removal of the byproduct 
ethylene. The reaction was allowed to proceed for 24 hours. The reaction was then 
concentrated by rotary evaporation to give a sticky, pinkish-black solid. The crude 
product was dissolved in 5 mL CHCl3, and isopropanol (3 mL) and 
tris(hydroxymethyl)phosphine (0.0362 g, 0.29 mmol) were added. The resulting solution 
was stirred under argon at 55 °C for 24 hours. The solution was then dripped into three 
50 mL centrifuge tubes filled with methanol to precipitate the polymer. The tubes were 
centrifuged to separate the polymer, the methanol was poured off, and the polymer was 
redissolved in CH2Cl2. After these precipitation/centrifugation steps were repeated twice, 
the polymer was isolated as a pinkish-yellow solid (0.0591 g, 65.1%). The polymer was 
found to have a chain length of approximately 75 units, as analyzed by NMR (ratio of 
peak at 5.4 ppm to peak at 5.8 ppm). This compound has been previously reported, at a 
similar degree of polymerization. 1H NMR (500 MHz, CDCl3): δ 8.14 (m), 7.99 (m), 7.68 
(m), 7.58 (m), 7.28 (m), 7.11 (m), 6.96 (m), 5.30 (m), 4.60 (m), 4.03 (m), 2.06 (m), 1.81 
(m), 1.62 (m), 1.41 (m). 13C NMR (100 MHz, CDCl3): δ 165.2, 164.0, 151.0, 141.1, 
136.3, 132.9, 132.7, 132.2, 130.9, 130.7, 130.2, 128.0, 124.0, 122.7, 121.5, 116.3, 114.7, 
76.7, 68.6, 36.3, 32.8, 32.7, 29.9, 29.6, 29.5, 29.3, 27.4, 26.2, 25.0, 19.9. Phase 
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transitions: I → 130°C → SmA → 75°C → SmC → 45°C  → Glass (on cooling, 
determined by microscope observation). 
 
W525 Polymer (11b) 
The W525 monomer (0.916 g, 0.153 mmol) was dissolved in 3 mL 
chlorobenzene. Grubbs’ Catalyst I (0.0019 g, 0.002 mmol) was added, and the flask was 
connected to a dry vacuum pump (approx. 25 mm Hg) for the removal of the byproduct 
ethylene. The reaction was allowed to proceed for 72 hours, during which time the 
chlorobenzene was periodically replenished. The reaction was then concentrated by 
rotary evaporation to give a sticky, pinkish-black solid. The crude product was dissolved 
in 5 mL CHCl3, and isopropanol (3 mL) and tris(hydroxymethyl)phosphine (0.049 g, 
0.395 mmol) were added. The resulting solution was stirred under argon at 55°C for 24 
hours. The solution was then dripped into three 50 mL centrifuge tubes filled with 
methanol to precipitate the polymer. The tubes were centrifuged to separate the polymer, 
the methanol was poured off, and the polymer was redissolved in CH2Cl2. After these 
precipitation/centrifugation steps were repeated twice, the polymer was isolated as a 
pinkish-yellow solid (0.0731 g, 60.2%). The polymer was found to have a chain length of 
approximately 265 units, as analyzed by NMR (ratio of peak at 5.4 ppm to peak at 5.8 
ppm). This compound has been previously reported, at a similar degree of 
polymerization. 1H NMR (500 MHz, CDCl3): δ 8.14 (m), 7.99 (m), 7.68 (m), 7.58 (m), 
7.28 (m), 7.11 (m), 6.96 (m), 5.30 (m), 4.60 (m), 4.03 (m), 2.06 (m), 1.81 (m), 1.62 (m), 
1.41 (m). 13C NMR (100 MHz, CDCl3): δ 165.2, 164.0, 151.0, 141.1, 136.3, 132.9, 132.7, 
132.2, 130.9, 130.7, 130.2, 128.0, 124.0, 122.7, 121.5, 116.3, 114.7, 76.7, 68.6, 36.3, 
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32.8, 32.7, 29.9, 29.6, 29.5, 29.3, 27.4, 26.2, 25.0, 19.9. Phase transitions: I → 130°C → 
SmA → 75°C → SmC → 45°C  → Glass (on cooling, determined by microscope 
observation). 
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3-(4-Hydroxy-phenyl)-acrylic acid methyl ester (12) 
3-(4-hydroxy-phenyl)-acrylic acid (20.7928 g, 127.76 mmol) was dissolved in 
500 mL MeOH, and 1.5 mL of concentrated H2SO4 was added. The reaction mixture was 
allowed to reflux for 16 hours, and then cooled slowly to crystallize the product. The 
resultant solid was filtered, washed with H2O, and dried under vacuum to yield 3-(4-
hydroxy-phenyl)-acrylic acid methyl ester as a white solid (19.7374 g, 86.7 %), which 
was pure enough to carry on to the next step. This compound has been previously 
reported. 1H NMR (500 MHz, CDCl3): δ 7.63 (1H, d), 7.40 (2H, d), 6.84 (2H, d), 6.28 
(1H, d), 3.78 (3H, s). 13C NMR (100 MHz, CDCl3): δ 168.0, 156.5, 144.5, 129.8, 127.8, 
115.5, 114.6, 51.7. 
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5-Norbornene-2-carboxylic acid 4-(2-methoxycarbonyl-vinyl)-phenyl ester (13a), 
(“Cinnorb”) 
3-(4-hydroxy-phenyl)-acrylic acid methyl ester (12) (3.0059 g, 16.87 mmol), 5-
norbornene-2-carboxylic acid (2.108 g, 15.26 mmol; mixture of endo and exo but 
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predominantly endo), and DMAP (0.3765 g, 3.08 mmol) were dissolved in 100 mL dry 
CH2Cl2 under argon. A solution of DCC (4.1765 g, 20.24 mmol) in 20 mL dry CH2Cl2 
was added via syringe. The reaction mixture was stirred for 16 hours at RT, and then 
concentrated by rotary evaporation to give the crude product as a white solid. Purification 
by flash chromatography in CHCl3 yielded cinnorb (3.4492 g, 75.7%) as a white solid. 1H 
NMR (500 MHz, CDCl3): δ 7.60 (1H, d), 7.45 (2H, d), 7.01 (2H, d), 6.34 (1H, d), 6.21 
(1H, m), 6.02 (1H, m), 3.73 (3H, s), 3.32 (1H, m), 3.16 (1H, m), 2.92 (1H, m), 1.95 (1H, 
m), 1.46 (2H, m), 1.30 (1H, m). 13C NMR (100 MHz, CDCl3): δ 173.2, 167.6, 152.6, 
144.1, 138.6, 132.3, 132.1, 129.4, 122.3, 118.0, 52.0, 50.0, 46.2, 43.9, 42.9, 29.6. Anal. 
calcd for C18H18O4: C, 72.47; H, 6.08. Found: C, 72.43; H, 6.05. 
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5-Norbornene-2,3-dicarboxylic acid bis-[4-(2-methoxycarbonyl-vinyl)-phenyl] ester 
(13b), (“Biscinnorb”) 
3-(4-hydroxy-phenyl)-acrylic acid methyl ester (12) (3.0258 g, 16.98 mmol), 5-
norbornene-2, 3-dicarboxylic acid (1.4899 g, 8.18 mmol; cis-endo form), and DMAP 
(0.1959 g, 1.60 mmol) were dissolved in 100 mL dry CH2Cl2 under argon. A solution of 
DCC (3.5044 g, 16.98 mmol) in 20 mL dry CH2Cl2 was added via syringe. The reaction 
mixture was stirred for 16 hours at RT, and then concentrated by rotary evaporation to 
give the crude product as a white solid. Purification by flash chromatography in CHCl3 
yielded biscinnorb (2.9585 g, 72.0%) as a white solid. 1H NMR (500 MHz, CDCl3): δ 
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7.64 (2H, d), 7.47 (4H, d), 7.07 (4H, d), 6.28 (1H, d), 3.80 (6H, s), 3.67 (2H, d), 3.40 
(2H, d), 1.52 (1H, m), 1.35 (1H, m). 13C NMR (100 MHz, CDCl3): δ 170.7, 167.5, 152.3, 
144.0, 135.4, 132.2, 129.4, 122.4, 118.1, 52.0, 49.0, 48.7, 46.9. Anal. calcd for C29H26O8: 
C, 69.31; H, 5.22. Found: C, 69.29; H, 5.19. 
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W525/Cinnorb Copolymer (14a) 
The W525 monomer (amounts vary; see Table 2.2 below) was dissolved in 3 mL 
chlorobenzene, and amounts of the cinnorb monomer corresponding to 1, 2, 3, 4, or 5 
mol% were added. Grubbs’ Catalyst 1st generation was added, and the flask was 
connected to a dry vacuum pump (approx. 25 mm Hg) for the removal of the byproduct 
ethylene. The reaction was allowed to proceed for 72 hours, during which time the 
chlorobenzene was periodically replenished. The reaction was then concentrated by 
rotary evaporation to give a sticky, pinkish-black solid. The crude product was dissolved 
in 5 mL CHCl3, and isopropanol (3 mL) and tris(hydroxymethyl)phosphine were added. 
The resulting solution was stirred under argon at 55°C for 24 hours. The solution was 
then dripped into three 50 mL centrifuge tubes filled with methanol to precipitate the 
polymer. The tubes were centrifuged to separate the polymer, the methanol was poured 
off, and the polymer was redissolved in CH2Cl2. After these precipitation/centrifugation 
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steps were repeated twice, the polymer was isolated as a pinkish-yellow solid. NMR was 
used to analyze chain length and composition; as it was for the pure W525 polymer, the 
chain length was determined by the ratio of peak at 5.39 ppm to the peak at 5.82 ppm, 
while the percent incorporation of cinnorb was found by the ratio of the peak at 6.38 ppm 
to the peak at 5.39 ppm, times two (due to molar ratios). 1H NMR (500 MHz, CDCl3): δ 
8.14 (m), 7.99 (m), 7.68 (m), 7.60 (m), 7.58 (m), 7.45 (m), 7.28 (m), 7.11 (m), 7.01 (m), 
6.96 (m), 6.38 (m), 6.21 (m), 6.02 (m), 5.82 (m), 5.39 (m), 4.60 (m), 4.03 (m), 3.73 (m), 
3.32 (m), 3.16 (m), 2.92 (m), 2.06 (m), 1.95 (m), 1.81 (m), 1.62 (m), 1.46 m), 1.41 (m), 
1.30 (m). 13C NMR (100 MHz, CDCl3): δ 173.2, 167.6, 165.2, 164.0, 152.6, 151.0, 144.1, 
141.1, 138.6, 136.3, 132.9, 132.7, 132.3, 132.2, 132.1, 130.9, 130.7, 130.2, 129.4, 128.0, 
124.0, 122.7, 122.3, 121.5, 118.0, 116.3, 114.7, 76.7, 68.6, 52.0, 50.0, 46.2, 43.9, 42.9, 
36.3, 32.8, 32.7, 29.9, 29.6, 29.6, 29.5, 29.3, 27.4, 26.2, 25.0, 19.9.  
 
Mol% 
cinnorb 
W525 
(g) 
Cinnorb 
(g) 
Actual 
mol% 
Grubbs I 
(g) 
P(CH2OH)3 
(g) 
Chain 
length 
Cinnorb 
incorp. 
1 0.1123 0.00059 1.0% 0.00191 0.0350 314 1.8% 
2 0.1092 0.00104 1.9% 0.00201 0.0340 318 3.2% 
3 0.0998 0.00159 3.1% 0.00212 0.0369 294 4.9% 
4 0.1011 0.00222 4.2% 0.00198 0.0351 302 6.4% 
5 0.1099 0.00294 5.1% 0.00230 0.0322 384 7.5% 
 
Table 2.2: Stoichiometry for W525/Cinnorb copolymers (14a) 
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W525/Biscinnorb Copolymer (14b) 
The W525 monomer (amounts vary; see Table 2.3 below) was dissolved in 3 mL 
chlorobenzene, and amounts of the biscinnorb monomer corresponding to 1, 2, 3, 4, or 5 
mol% were added. Grubbs’ Catalyst 1st generation was added, and the flask was 
connected to a dry vacuum pump (approx. 25 mm Hg) for the removal of the byproduct 
ethylene. The reaction was allowed to proceed for 72 hours, during which time the 
chlorobenzene was periodically replenished. The reaction was then concentrated by 
rotary evaporation to give a sticky, pinkish-black solid. The crude product was dissolved 
in 5 mL CHCl3, and isopropanol (3 mL) and tris(hydroxymethyl)phosphine were added. 
The resulting solution was stirred under argon at 55°C for 24 hours. The solution was 
then dripped into three 50 mL centrifuge tubes filled with methanol to precipitate the 
polymer. The tubes were centrifuged to separate the polymer, the methanol was poured 
off, and the polymer was redissolved in CH2Cl2. After these precipitation/centrifugation 
steps were repeated twice, the polymer was isolated as a pinkish-yellow solid. NMR was 
used to analyze chain length and composition; as it was for the pure W525 polymer, the 
chain length was determined by the ratio of peak at 5.39 ppm to the peak at 5.81 ppm, 
while the percent incorporation of biscinnorb was found by the ratio of the peak at 6.38 
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ppm to the peak at 5.39 ppm. 1H NMR (500 MHz, CDCl3): δ 8.14 (m), 7.99 (m), 7.68 
(m), 7.64 (m), 7.58 (m), 7.47 (m), 7.28 (m), 7.11 (m), 7.07 (m), 6.96 (m), 6.38 (m), 5.81 
(m), 5.39 (m), 4.60 (m), 4.03 (m), 3.80 (m), 3.67 (m), 3.40 (m), 2.06 (m), 1.81 (m), 1.62 
(m), 1.52 (m), 1.41 (m), 1.35 (m). 13C NMR (100 MHz, CDCl3): δ 170.7, 167.5, 165.2, 
164.0, 152.3, 151.0, 144.0, 141.1, 136.3, 135.4, 132.9, 132.7, 132.2, 132.2, 130.9, 130.7, 
130.2, 129.4, 128.0, 124.0, 122.7, 122.4, 121.5, 118.1, 116.3, 114.7, 76.7, 68.6, 52.0, 
49.0, 48.7, 46.9, 36.3, 32.8, 32.7, 29.9, 29.6, 29.5, 29.3, 27.4, 26.2, 25.0, 19.9.  
 
Mol% 
biscinnorb 
W525 
(g) 
Biscinnorb 
(g) 
Actual 
mol% 
Grubbs I 
(g) 
P(CH2OH)3 
(g) 
Chain 
length 
Biscinnorb 
incorp. 
1 0.1004 0.00095 1.1% 0.00209 0.0399 266 1.3% 
2 0.0958 0.00167 2.0% 0.00199 0.0347 300 2.3% 
3 0.1032 0.00262 2.9% 0.00189 0.0345 277 3.4% 
4 0.1045 0.00367 4.0% 0.00206 0.0321 289 4.5% 
5 0.1121 0.00485 4.9% 0.00220 0.0396 259 5.2% 
 
Table 2.3: Stoichiometry for W525/Biscinnorb copolymers (14b) 
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{4-[10-(4-Benzoyl-phenoxy)-decyloxy]-phenyl}-phenyl-methanone (15) 
4-hydroxybenzophenone (2.0401 g, 10.29 mmol), K2CO3 (1.5070 g, 10.90 mmol), 
Cs2CO3 (0.1680 g, 0.516 mmol), and 18-crown-6 (0.0020 g, 0.0076 mmol) were 
dissolved in 100 mL of anhydrous acetone. After stirring for 5 minutes, 1,10-
dibromobenzene (1.5003 g, 5.00 mmol) was added. The reaction was refluxed for 16 
hours, producing a white precipitate. After cooling, the solid was filtered out and purified 
by column chromatography in CHCl3 to yield 4-[10-(4-benzoyl-phenoxy)-decyloxy]-
phenyl}-phenyl-methanone as a white solid (2.94 g, 89.1%). 1H NMR (500 MHz, 
CDCl3): δ 7.85 (4H, d), 7.77 (4H, d), 7.59 (2H, t), 7.50 (4H, d), 6.98 (4H, d), 4.07 (4H, t), 
1.85 (4H, m), 1.49 (4H, m), 1.38 (8H, m). 13C NMR (100 MHz, CDCl3): δ 180.1, 163.1, 
138.6, 132.8, 132.1, 130.1, 130.0, 128.4, 114.2, 68.5, 29.7, 29.6, 29.3, 26.2. Anal. calcd 
for C36H38O4: C, 80.87; H, 7.16. Found: C, 80.85; H, 7.15. 
 
COOMeOBr 8
16
 
4-(10-Bromo-decyloxy)-benzoic acid methyl ester (16) 
A mixture of 1,10-dibromodecane (5.2425 g, 17.47 mmol), methyl 4-
hydroxybenzoate (2.6037 g, 17.11 mmol), K2CO3 (3.4708 g, 25.11 mmol) and 2-
butanone (15 mL) was refluxed for 16 hours. After cooling, the mixture was filtered and 
concentrated by rotary evaporation. The residue was dissolved in 20 mL Et2O and 
washed with 2x15 mL of 10% NaOH and 1x10 mL saturated aqueous NaCl. It was dried 
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over Mg2SO4, filtered, and again concentrated by rotary evaporation. The product was 
purified by column chromatography in CHCl3 to yield 4-(10-bromo-decyloxy)-benzoic 
acid methyl ester as a white solid (3.3979 g, 53.5%). 1H NMR (500 MHz, CDCl3): δ 7.99 
(2H, d), 6.91 (2H, d), 4.00 (2H, t), 3.88 (3H, s), 3.41 (2H, t), 1.86 (2H, m), 1.80 (2H, m), 
1.33 (12H, m). 13C NMR (100 MHz, CDCl3): δ 167.2, 163.3, 131.8, 122.5, 114.4, 68.4, 
52.1, 34.0, 32.8, 29.6, 29.5, 29.3, 29.2, 29.1, 28.9, 26.2. Anal. calcd for C18H27BrO3: C, 
58.22; H, 7.33; Br, 21.52. Found, C, 58.18; H, 7.29; Br, 21.31. 
 
COOHOHS 8
17
 
4-(10-Mercapto-decyloxy)-benzoic acid (17) 
A mixture of 4-(10-bromo-decyloxy)-benzoic acid methyl ester (3.3979 g, 9.15 
mmol), thiourea (3.4039 g, 44.72 mmol), and H2O (10 mL) was refluxed for 2 hours and 
then cooled. NaOH (15.8269 g, 395.7 mmol) dissolved in 20 mL H2O was added and the 
mixture was brought to reflux again for 2 more hours. It was then transferred to a beaker 
and brought to a pH of 1 by the slow addition of HCl. The mixture was filtered, and the 
solid product thus obtained was washed into a flask with acetone, dried with Mg2SO4, 
filtered, and concentrated by rotary evaporation. The product was purified by column 
chromatography in CHCl3 and then recrystallized from hot CHCl3 to yield 4-(10-
mercapto-decyloxy)-benzoic acid as a white solid (2.2453 g, 75.6%). 1H NMR (500 
MHz, CDCl3): δ 8.07 (2H, d), 6.95 (2H, d), 4.05 (2H, t), 2.56 (2H, q), 1.83 (2H, m), 1.64 
(2H, m), 1.49 (2H, m), 1.38 (12H, m). 13C NMR (100 MHz, CDCl3): δ 171.5, 164.3, 
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132.6, 121.5, 114.4, 68.5, 59.0, 34.3, 29.7, 29.6, 29.5, 29.3, 28.6, 26.2, 24.9. Anal. calcd 
for C18H28O3S: C, 66.63; H, 8.70; S, 9.88. Found: C, 66.66; H, 8.71; S, 9.99. 
O
NO2
O
4
HS
8 O
O
18
 
4-(10-Mercapto-decyloxy)-benzoic acid 4'-(1-methyl-hept-6-enyloxy)-3'-nitro-biphenyl-
4-yl ester (18), abbreviated as W642 
(R)-4'-(1-Methyl-hept-6-enyloxy)-3'-nitro-biphenyl-4-ol (9) (0.2990 g, 0.794 
mmol), 4-(10-mercapto-decyloxy)-benzoic acid (17) (0.2985 g, 0.920 mmol) and 4-
(dimethylamino)pyridine (DMAP) (0.0214 g, 0.217 mmol) were dissolved in 15 mL dry 
CH2Cl2 under argon. A solution of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride (EDCI) (0.2660 g, 1.39 mmol) in 5 mL dry CH2Cl2 was added via syringe. 
The reaction mixture was stirred for 16 hours at RT, and then concentrated by rotary 
evaporation to give the crude product as an orange oil. After purification with flash 
chromatography in 20:1 hexanes:ethyl acetate, this yielded W642 (0.4543 g, 90.3%) as a 
yellow oil. 1H NMR (500 MHz, CDCl3): δ 8.19 (2H, d), 8.03 (1H, d), 7.72 (1H, dd), 7.62 
(2H, d), 7.32 (2H, d), 7.16 (1H, d), 7.01 (2H, d), 5.83 (1H, m), 5.04 (1H, d), 4.98 (1H, d), 
4.57 (1H, m), 4.08 (2H, t), 2.55 (2H, m), 2.10 (2H, m), 1.85 (2H, m), 1.64 (4H, m), 1.47 
(22H, m). 13C NMR (100 MHz, CDCl3): δ 165.1, 163.9, 151.1, 151.0, 141.3, 138.9, 
136.3, 132.8, 132.6, 132.2, 128.0, 124.0, 122.7, 121.5, 116.3, 114.8, 114.6, 76.7, 68.6, 
36.3, 34.3, 33.9, 29.7, 29.7, 29.6, 29.3, 29.3, 29.0, 28.6, 26.2, 25.0, 24.9, 19.8. Anal. 
calcd for C37H47NO6S: C, 70.11; H, 7.47; N, 2.21; S, 5.06. Found: C, 70.01; H, 7.45; N, 
2.19; S, 5.04. Phase transitions: I → 29.6°C → SmA (on cooling, determined by 
microscope observation). 
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W642 Polymer (19) 
The W642 monomer (18) was dissolved in CHCl3 (3 mL) and either 1,1’-
azobis(cyclohexanecarbonitrile) (ACHN) or 2,2-dimethoxy-2-phenylacetophenone 
(Irgacure 651) was added as an initiator (amounts vary; see Table 2.4 below). While 
wrapped in foil to prevent UV exposure, the mixture was concentrated by rotary 
evaporation and then placed under high vacuum to remove all solvent. The mixture was 
then filled into an ITO-coated glass cell (thicknesses vary, but usually around 2 microns) 
by capillary action. The cell was exposed to UV for three minutes, and tilting behavior 
was checked. The cell was placed in hydrofluoric acid for three days, with occasional 
prodding to expedite the disintegration of the glass. After this time, the polymer film was 
released and was removed with plastic forceps and washed with copious amounts of 
water, then acetone. It was put in a vial under vacuum to remove solvent, and then 
dissolved in CDCl3 for NMR characterization. The polymer chain length was found by 
the ratio of the peak at 4.04 ppm to the peak at 5.80 ppm, divided by two (due to molar 
ratios.) 1H NMR (500 MHz, CDCl3): δ 8.15 (m), 7.99 (m), 7.69 (m), 7.57 (m), 7.27 (m), 
7.12 (m), 6.97 (m), 5.80 (m), 4.98 (m), 4.54 (m), 4.04 (m), 2.68 (m), 2.50 (m), 2.07 (m), 
1.46 (m). 13C NMR (100 MHz, CDCl3): δ 165.0, 163.8, 151.1, 151.0, 141.2, 138.9, 136.2, 
132.8, 132.6, 132.2, 128.0, 124.0, 122.6, 121.5, 116.3, 114.8, 114.6, 76.7, 68.5, 36.3, 
34.4, 34.3, 33.9, 29.7, 29.7, 29.6, 29.3, 29.3, 29.0, 28.7, 28.6, 26.2, 25.9, 25.0, 24.9, 19.8.  
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Initiator 
type 
W642 
(g) 
Initiator 
 (g) 
Initiator 
 mol% 
Chain 
length 
ACHN 0.01701 0.00033 1.90% 2.6 
ACHN 0.02272 0.00017 0.75% 3.0 
ACHN 0.02004 0.00011 0.55% 3.7 
Irgacure 0.02012 0.00023 1.14% 1.7 
Irgacure 0.02072 0.00012 0.58% 1.8 
 
Table 2.4: Stoichiometry for W642 polymers (19) 
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Overview 
Bent-core, or banana-shaped, molecules are a relatively recent phenomenon in the 
world of liquid crystals. 1 Previous examples had been synthesized by Vorländer as early 
as 1929 2, but it was not until 1996 that the field experienced a surge of interest. At the 
International Liquid Crystal Conference that year, Takezoe et al. presented 3, 4, 5  a family 
of alkyl-tailed bis-Schiff base bent-core diesters (Fig. 3.1) that had been synthesized by 
Matsunaga. 6, 7 One particular molecule of this family, the n-nonyl tailed version, was 
later nicknamed NOBOW and is frequently used as a representative bent-core material in 
experiments. 
O O
OO
NN
O OR R 
Figure 3.1: The general structure of the banana molecules synthesized by Matsunaga and characterized by 
Takezoe.  
Four entirely novel phases were described in these compounds, and they have 
come to be known as the B1, B2, B3 and B4 phases. For Matsunaga’s molecules, the B1 
phase occurs only in the shorter-tailed members of the series. NOBOW, for instance, 
exhibits only the B2, B3, and B4 phases. Other bent-core phases have been reported in 
the subsequent years, with the most recent phase being B7. 8 Although each of them 
consists of some packing structure dependent on the bent nature of the molecules, little is 
known about how to predict phase sequence based on chemical structure. Certain groups 
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are known to encourage specific behaviors, but small changes can have drastic effects on 
the mesogen behavior of the molecule. As evidenced by Matsunaga’s molecules, simply 
changing the length of the tail can cause the disappearance of a phase, or change its 
transition temperatures.  
As a general convention used when describing banana phases, each molecule is 
shown as a simple bent line with several geometric elements (Fig. 3.2). The bow plane is 
the plane in which the molecule lies. The molecular director n is the orientation of the 
long axis of the molecule, although it is not rigorously defined with regards to molecular 
geometry. The polar axis b is perpendicular to n, though they both lie within the bow 
plane. 
O O
OO
NN
O OR R
n
b
 
Figure 3.2: The two vectors typically used to describe the orientation of bent-core molecules. 
Typical smectic calamitic materials may have their molecular director parallel to 
the layer normal, or tilted by some angle. These two cases give rise to the SmA and SmC 
phases respectively. For optimal packing geometry, bent-core molecules typically align 
with their b vectors parallel to each other, giving overall polar symmetry to the 
microdomains of the phase. In addition, many bent-core phases are tilted smectic 
analogous to the SmC phase. The combination of polar order and tilt causes the reflection 
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symmetry of the phase to be broken, resulting in chiral microdomains. This is most 
notably the case for the B2 phase.  
For the molecules described in this chapter, the B1, B2 and B4 phases are the 
most relevant and will be described in detail. 
 
The B1 Phase 
 The structure of the B1 phase is not known with certainty. There are several 
different proposed structures, any or all of which could be responsible for the observed 
optical textures. The agreed-upon characteristics of the phase are long range positional 
order in two dimensions, much like a columnar phase, consisting of a system of roughly 
rectangular blocks that have a two-fold symmetry axis parallel to the layers. When 
viewed by PLM, the B1 phase appears to be a columnar texture as evidenced by a typical 
mosaic arising from dendritic growth. There are characteristics that are unique to the B1 
phase, however. As in the SmA phase, feather- or leaf-shaped regions are clearly visible, 
but are much more clearly delineated than in SmA (Fig. 3.3 9). The high birefringence 
colors and large focal conic domains also visually differentiate the B1 phase from SmA. 9 
 
Figure 3.3: Typical PLM textures for the B1 phase. Leaf region surrounded by focal conics (left), and leaf 
textures (right). 
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 Electrooptic behavior of the B1 phase is poorly understood. Some materials 
exhibit switching and some do not. Switching could be a threshold event, so that it only 
occurs upon the application of a sufficiently strong field. In this case, so-called 
electrooptically unresponsive B1 materials could just have a prohibitively high switching 
threshold. Even in materials that exhibit switching, it is not known whether this is due to 
dielectric reorientation, polar switching, or a reordering into another phase entirely (likely 
the B2 phase).  
The structure originally proposed for B1 is the stacked layer fragments system, in 
which two blocks of bent-core layers meet at a discontinuity. At this discontinuity, the 
direction that each bent-core molecule faces is reversed. To accommodate this, the layers 
are offset by half of the layer thickness (Fig. 3.4 10). 
 
Figure 3.4: The original structure proposed for the B1 phase, consisting of stacked layer fragments. 
 In 2003, an alternate system was proposed by Szydlowska et al. This version of 
the B1 structure still contains the required symmetry and columnar packing of blocks, but 
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with a different packing arrangement. In this case, the banana molecules at each block 
junction are side-by-side, rather than face-to-face (Fig. 3.5 10).  
 
Figure 3.5: An alternate B1 packing system proposed by Szydlowska et al.  
A third structure proposed by Coleman et al. in 2008 does not exhibit the 
molecular packing that results in all b axes being aligned within a block. In this structure, 
the alignment of the molecules splays out from one edge of the block to the other (Fig. 
3.6). This splay is not shown to scale in the figure below, and is expected to occur over a 
greater distance relative to molecular length than is here depicted. 9, 11  
 
Figure 3.6: Another possible explanation for the B1 phase, consisting of alternating blocks of splayed layers. The 
system is ferroelectric in the horizontal direction and antiferroelectric in the vertical direction. 
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The B2 Phase 
The B2 phase is more accurately described as a family of closely related phases 
with identical layer structure. Although the individual layer structures for all of them are 
identical and very similar to the SmC* phase, the different ways in which the layers stack 
gives rise to the difference in phases (Fig. 3.7 1). Additionally, the lack of molecular 
chirality means that each layer has two possible chiralities to choose from. The 
convention for describing the resulting possibilities is in terms of three independent 
descriptors describing the configuration of adjacent pairs of layers. Relative chirality, 
describing which of the two possibilities each layer exhibits, can be homochiral or 
heterochiral. Clinicity, describing the relative tilt between layers, can be synclinic or 
anticlinic. Polarity, describing whether b is parallel or antiparallel between layers, can be 
ferroelectric or antiferroelectric. This gives rise to four types of subphase overall, two of 
which are conglomerates of enantiomers. 12 
These four subphases are named either the B2 phases or the SmCP phases, since 
they are similar to SmC with an additional polarization element. Appended to the C of 
SmCP, the subscript S or A is used to denote synclinic or anticlinic. Appended to the P of 
SmCP, the subscript F or A is used to denote ferroelectric or antiferroelectric. The layers 
can also be described as homochiral or heterochiral. In the case of heterochiral layers, the 
subphase is a racemate, while homochiral layers require it to be a conglomerate of two 
enantiomeric structures.  
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Figure 3.7: The four different B2 subphases. SmCAPA and SmCSPF  each consist of a conglomerate of two 
different enantiomeric structures.  
 Optically, the B2 phases are quite distinct in their response to a field. One 
particular molecule, NOBOW, shows two types of domains (Fig. 3.8 1). The majority 
domain consists of gold stripes which convert to green focal conic domains upon the 
application of a field. (The particular colors displayed depend on the thickness of the cell 
and the birefringence of the material.) However, other regions are visible too. These 
minority domains consist of green focal conics which convert to gold striped regions 
upon the application of a field. The most interesting feature of the minority domains is 
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their chiral response to the field. The domain shown in the figure below rotates clockwise 
in response to an up field, and counterclockwise in response to a down field. Although 
not shown, there are other minority domains that behave in the opposite fashion. 1 
 
Figure 3.8: Optical textures of the B2 phase in NOBOW under application of a field. At zero field, the gold 
stripe domains (A) outnumber the green focal conic domains (B). Under a field, the birefringence of the two 
regions is reversed. Additionally, B-type domains show a chiral response to the field: they rotate in opposite 
directions depending on whether the field is up or down. 
The majority domains are believed to be SmCSPA, switching to SmCAPF in the 
presence of a field. The minority domains are believed to be SmCAPA, switching to 
SmCSPF in the presence of a field. This explains the chiral behavior of the minority 
domains, as they consist of phases that are macroscopically chiral. Interestingly, when the 
sample is cooled into the B2 phase from isotropic, the majority and minority domains 
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tend to occur in a 90:10 ratio. When the sample is heated from the B4 phase, initially the 
only domains seen are the minority domains. However, after several hours of field-
applied switching, the sample anneals to the same 90:10 mixture.  
 
The B4 Phase 
 The B4 phase is unique to bent-core molecules. Originally named the SmBlue 
phase for its characteristic reflection color, it typically occurs towards the lower end of 
the liquid crystal temperature range for molecules that exhibit it. 13, 14 Initially it was 
assigned a structure similar to that of the twist-grain-boundary (TGB) phase, which is 
typically formed by chiral calamitic mesogens (Fig. 3.9 15). In the TGB phase, there are 
blocks of smectic-like one-dimensional order and the layer normal lies parallel to the 
director (similar to smectic A.) However, at each domain boundary both the director and 
layer normal rotate through some angle. This rotation is mediated by parallel, uniformly 
spaced screw dislocations with orientation between the layer normals on either side of the 
interface. 15 
 
Figure 3.9: The TGB phase as a series of smectic microdomains (left). These domains meet at screw dislocations 
throughout the material (right).  
Like the TGB phase, the B4 exhibits Brag scattering of circularly polarized light 
when grown from parallel-aligned B2 layers, but not when it is grown from 
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homeotropically-aligned B2 layers. 13, 16, 17 This suggests a helical axis parallel to the 
smectic layers. However, it differs from actual TGB phases in several significant ways. 
Unlike the TGB phase, the B4 phase is a crystal conglomerate consisting of large 
(typically hundreds of microns across) heterochiral domains, so although it has a helical 
structure it is not biased towards one handedness or another. When viewed through 
crossed polarizer and analyzer its texture is blue (or occasionally grey) and almost 
featureless, but when polarizer and analyzer are decrossed in one direction half the 
domains darken and half brighten. If decrossed in the other direction, then the domains 
that were previously darkened are now brightened, and vice-versa (Fig. 3.10 18). This 
behavior is consistent with a phase that is achiral overall, though it consists of a 
conglomerate of chiral domains. It therefore is not caused by molecular chirality but by 
macroscopic, phase-induced chirality. 1 
 
Figure 3.10: The B4 phase as seen under crossed polarizer and analyzer (center), and under an analyzer that has 
been decrossed in either direction. 
The phase has very low linear birefringence (almost to the point of being optically 
isotropic) but high circular birefringence. 19 As a side note, the blue color is believed to 
be caused by a combination of birefringence, selective reflection caused by photonic 
band gaps in the sample, and Mauguin adiabatic following of the helical structure. 1 
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In powder X-ray diffraction, B4 materials show several peaks at the B2-B4 phase 
transition (Fig. 3.11 18).  
 
Figure 3.11: Powder X-ray diffraction for a B4 material (P9OPIMB) at the B2-B4 phase transition. In small-
angle X-ray (center), the B2 peak is sharp and the B4 peak is broad, indicating that B2 has better long-range 
order than B4. In wide-angle X-ray, the B2 peak is broad (right) indicating that its in-layer order is not very 
rigid. B4’s wide-angle X-ray shows multiple sharp peaks, indicating a more crystalline phase. 
The sharp peaks of the B2 phase give way to a broad peak, which indicates that 
the ordering in the B4 phase is short-range only. In wide-angle X-ray, the broad peak that 
indicates fluid in-plane behavior of the smectic B2 phase is replaced by several sharper 
peaks in the B4, indicating a more rigid hexatic structure. However, the broad small-
angle peak indicates that the B4 phase lacks the long-range lamellar order of the B2 
phase. This is again inconsistent with the TGB phase. 
NMR spectra taken with 13C cross-polarization magic angle spinning (CPMAS) 
show that the phase gives quantitative integrals over a very broad temperature range and 
exhibits slow interconversions from aromatic ring rotation, indicating a rigid crystalline 
structure. 20 This has led some to suggest that the phase is a crystal with plentiful defects, 
giving it a short coherence length for positional order. 
A publication in 2009 by Hough et al. shed light on the nature of the B4 phase. 18 
Several B4 materials were examined: Matsunaga’s eight, nine, and twelve-carbon n-alkyl 
tailed homologues (P8OPIMB, P9OPIMB a.k.a. NOBOW, and P12OPIMB), as well as a 
newly-synthesized asymmetrically-tailed version named MHOBOW (Fig. 3.12). 
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Figure 3.12: MHOBOW, one of the B4 materials used by Hough et al. to elucidate the structure of the B4 phase. 
Freeze-fracture experiments done on these B4 materials mixed with 8CB (an 
immiscible nematic material) point to the existence of helical nanofilaments. These tiny 
domains are shaped like nanoscale ropes and are made of several layers of liquid crystal 
twisted into a tight helix (Fig. 3.13 18).  
 
Figure 3.13: Helical nanofilaments exhibited by a B4 material. The individual molecules (A) pack into polar, 
chiral smectic layers (B) that exhibit in-layer packing mismatch, causing saddle splay which twists the layers 
into nanofilaments (C). These filaments aggregate (D) and self-isolate from the surrounding nematic material 
(E), and can slide past one another to achieve phase-coherent twist (F). This is true even when the B4 material is 
in the bulk (G).  
At the temperatures where the B4 phase exists, layer flatness becomes 
thermodynamically unfavourable and saddle splay occurs. This negative curvature limits 
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each filament to 5-7 layers; beyond this point, curvature becomes too great. The filaments 
can then pack side-by-side to form the B4 phase. The handedness of twist varies between 
macrodomains, explaining the conglomerate behaviour. This also explains the X-ray and 
NMR data: within each rope, the structure is similar to a rigid crystal, but the 
nanodomains do not exhibit strong ordering between themselves. This also explains the 
multiple peaks visible in wide-angle X-ray for B4; they were due to the slightly different 
environments experienced by layers in the middle of the filament compared to layers on 
the outside of the filaments. Since the filament is limited to 5-7 layers, it is reasonable to 
see 3-4 peaks appearing in the X-ray. When mixed with sufficient 8CB, these 
nanofilaments remain intact but are spaced out enough that they are individually visible 
with freeze-fracturing. In the bulk, the filament structure is less obvious but the texture is 
still similar to that shown within clusters of filaments.  
Atomic-force microscopy (AFM) and freeze-fracture transmission electron 
microscopy (FFTEM) images confirm this model (Fig. 3.14 18). With these methods it is 
possible to image all three characteristic length scales of the B4 phase: the individual 
layer spacing (d, typically 5nm), the filament thickness (w, typically 25nm), and the half-
pitch of the filament twist (h, typically 100nm).  
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Figure 3.14: The three characteristic length scales of the B4 phase are shown in P9OPIMB imaged with FFTEM 
(A and C), and P12OPIMB images with AFM (D and E).  
Almost all the molecules that exhibit the B4 phase contain the Schiff base 
functional group, or imine. Since this group is quite vulnerable to hydrolysis under 
ambient conditions (room temperature and exposure to atmospheric moisture), this 
significantly limits their use in commercial applications and even makes common 
purification and characterization methods difficult. One exception to the Schiff base 
pattern is the series of materials published by Gorecka et al, consisting of two biphenyl 
ether moieties connected to either end of an alkyl spacer unit (Fig. 3.15).  
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Figure 3.15: The B4 materials studied by Gorecka. For odd values of n, the material exhibited the B4 phase. 
 75 
 
For spacers containing an odd number of carbons (3 to 11), the molecules 
appeared to exhibit the B4 phase. Interestingly, this was not the case for molecules with 
an even number of carbons in the spacer; these formed tilted smectic phases instead. This 
is due to the odd-even effect; with an odd number of carbons the two biphenyl units are 
oriented at an angle to each other, whereas the even number of spacer carbons means the 
biphenyls are parallel and the molecule acts more as a straight rod. 21  
 
Prior Work 
 Several years ago, Ethan Tsai in our group synthesized W513 as part of a study on 
bent-core materials without Schiff bases. 19 The banana shape of the molecule is provided 
by a central 3,4’-substituted biphenyl moiety, as pioneered by Tschierske 22. The two 
rigid side-arms consist of 4,4’-substituted biphenyl units, and the tails are n-decyl (Fig. 
3.16). 
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Figure 3.16: The structure and phase transitions of W513. 
Under PLM, this structure exhibited some behaviors characteristic of the B4 
phase, though it lacked others. Upon cooling from the isotropic, the material passed 
through a brief-lived B1 phase before entering the B4 phase. However, a few metastable 
pockets of B1 remained visible in the material. These are theorized to be stabilized by 
surface interactions with the glass cell. In behavior unlike that of other materials, the B4 
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phase for W513 does not exhibit the darkening of some areas and brightening of others 
when the polarizer and analyzer are decrossed (Fig. 3.17 19). However, when combined 
with 8CB, the same immiscible nematic material as was used by Hough et al., this 
behavior becomes apparent. It is likely that the heterochiral domains responsible for this 
effect are still in existence in the neat W513, but are too small to be observed as 
individual regions. In effect, the 8CB acts as a solvent from which W513 can slowly 
crystallize, allowing larger domains to form. It is not understood why the neat B4 phase 
is so much darker for W513 than it is for typical Schiff-base B4 materials. (Fig. 3.10 18) 
 
Figure 3.17: The B4 phase forms around small pockets of metastable B1 phase, which appear bright (A). Even 
when placed in a thicker cell (20 microns), the linear birefringence is quite low (B). When mixed with 24% 8CB, 
W513 exhibits the heterochiral domains characteristic of the B4 phase. 
In freeze-fracture studies, the material again exhibits behaviors very similar to 
traditional B4 materials (Fig. 3.18 19). When in the bulk it exhibits short-range order, and 
when mixed with nematic material it forms individual filaments. Interestingly, the pitch 
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of the filaments was noticeably different: 50 nm for W513, as compared to 100 nm for 
NOBOW.  
 
Figure 3.18: FFTEM and AFM images for NOBOW (top row) compared to W513 (bottom row). In the bulk, 
both show short-range order (A and B1; a and b inset). When mixed with 76% 8CB, filaments are clearly visible 
in W513 (B2). They also exhibit the twisted, helical structure expected of the B4 phase (C1, C2, D1, and D2). 
When examined with wide-angle X-ray, the material again shows broad peaks 
caused by the assembly of filaments that make up the phase (Fig. 3.19 19). The small 
regions of B1 phase are visible as a smaller peak to the right of the broad B4 peak. The 
two peaks become closer as the temperature drops.  
 
Figure 3.19: X-ray data for W513 at wide angle (A) and peak spacing vs. temperature (B). The two peaks match 
the pattern observed for NOBOW’s transition from B1 to B4. 
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 The similarities between these images and images for NOBOW show 
conclusively that this material goes through a B4-like phase, making it the first reported 
rigidly bent-core molecule without Schiff bases to do so. It is the only one of the bent-
core molecules synthesized by Ethan Tsai that exhibits this phase. Another molecule of 
interest in this series is W540, a perfluoroether-tailed banana (Fig. 3.20), which exhibits 
none of the same phases as W513. However, its phase transition temperatures are notably 
higher than those of W513. 9  
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Figure 3.20: The structure and phase transitions of W540. 
Goals 
 The unique behavior of W513 and the differences in phase behavior caused by the 
replacement of the tail attracted some attention to this family of compounds. The goal for 
this project was to create a number of homologues of the W513 family, with variations in 
tail length and type. A series of n-alkyl-tailed compounds would be synthesized, as well 
as an α-branched alkyl-tailed version and two different fluoroether-tailed compounds (the 
tail used for W540, and a longer version with an additional -CF2CF2O- unit in the 
middle). These would be examined by PLM and by X-ray reflection to determine how far 
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across the homologue range the B4 phase extended, and whether it was possible to get the 
same phases with a different type of tail on the molecule. Since not much was known 
about the requirements for the B4 phase to form, this would provide further data and aid 
in the effort to understand formation of the B4 phase. Additionally, since not much was 
known about the requirements for switching in a B1 phase or indeed about the nature of 
the B1 phase’s structure, this might help shed some light on the issue. 
 
Synthesis 
A largely modular approach was used to synthesize these compounds, based 
closely on the synthesis used for W513 itself. The component pieces were all synthesized 
first, and then assembled to create the bent-core materials of interest. 4'-Hydroxy-
biphenyl-4-carboxylic acid was used as the basis of the side-arms, but before tails could 
be attached the carboxylic acid needed to be protected temporarily as the ester. This was 
done by simple Fischer esterification in methanol (Fig. 3.21).  
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Figure 3.21: Before a tail was attached, the side arm was protected as the methyl ester. 
Most tails would be brought in as n-alkyl bromides which required no 
preparation. The two fluoroether tails, however, were commercially available only as the 
alcohol. To give them similar reactivity to the alkyl bromides, they were converted to 
their triflates first. Tosylation was attempted first, but yield of the tosylates was quite low 
and their reactivities during the next step were significantly lower than those of the 
triflates. For the triflations, a procedure similar to that used by Lixing Wang and Ethan 
Tsai was used, but with modifications. 9 Rather than being left in a 4oC refrigerator 
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overnight, the reaction was stirred overnight at room temperature. This reliably gave a 
higher yield of triflate, possibly due to the limited solubility of the fluoroether tails at 
lower temperatures. For convenience, these tails are abbreviated as [4.2.2] for n = 1 and 
[4.2.2.2] for n = 2 (Fig. 3.22).  
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Figure 3.22: The fluoroether tails were converted to their triflates before coupling could take place. 
To create the asymmetric bent-core portion of the molecule, Suzuki coupling was 
used on the meta-bromide and para-boronic acid, which were both commercially 
available. This yielded 3,4'-dimethoxy-biphenyl, which was converted to the diol by 
deprotection with boron tribromide (Fig. 3.23). Since the two side-arms to be attached 
would be symmetrical, no selective deprotection was required.  
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Figure 3.23: The biphenyl-3,4'-diol core was synthesized by Suzuki coupling followed by deprotection of the 
methoxy groups. 
Now that the component parts were ready, the tails could be attached. Williamson 
ether synthesis was used to attach almost all the tails, whether they started as the alkyl 
bromide or as the triflate (Fig. 3.24). (The alkyl halides used were n-alkyl chains of nine 
through fifteen carbons.) The one exception was the chiral 2-octyl tail, which had a 
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secondary carbon at the point of attachment and thus had to be added by Mitsunobu 
chemistry. The yield was quite low - around 40% - but the starting materials were cheap.  
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Figure 3.24: Most of the tails were attached by Williamson ether synthesis with either the alkyl bromide (in the 
case of the seven n-alkyl tails) or the triflate (in the case of the two fluoroethers). The chiral branched tail was 
attached by Mitsunobu. 
After these ten different side-arm units were synthesized, they were all converted 
to the respective carboxylic acids by base-catalyzed hydrolysis. Then each one was 
coupled to the bent-core moiety by a modified Steglich esterification (Fig. 3.25).  
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Figure 3.25: Once the tail was attached, the methyl ester was deprotected to give the carboxylic acid. The acid 
was then coupled to the biphenyl-3,4’-diol core by a modified Steglich esterification. This yielded the target bent-
core molecule. 
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Just as for the artificial muscles project, the use of EDCI rather than DCC 
conferred an enormous advantage. The crystalline EDCI was easier to use, less dangerous 
to work with and far easier to remove after the reaction.  
Once the bent-core molecules had been synthesized, they were purified by 
recrystallization from ethanol. Given the low solubility of many of these compounds, 
particularly the longer-tailed ones, dissolving them was time-consuming. The best 
method found for purifying them was to combine the desired column fractions into a 
1000 mL round-bottom flask and concentrate them down to a solid. A magnetic stirbar 
was added to the flask and approximately 200 mL of absolute ethanol was added. The 
flask was placed in a heating mantle and allowed to reflux for about half an hour while 
stirring, with occasional topping-up of ethanol. This usually dissolved a significant 
portion of the compound; the rest was taken care of by addition of about 100 mL of 
ethanol every ten minutes until the product dissolved entirely. For W620 (the pentadecyl-
tailed material and least soluble of the bent-core materials synthesized), approximately 
850 mL of ethanol was needed altogether. The solution was cooled in a freezer overnight 
and then filtered. Repeating this process yielded very pure bent-core materials.  
 
Results 
 Overall, ten bent-core materials were synthesized, of which eight are previously 
unreported. Trivial names, phase transition data, and switching behavior in the B1 phase 
are presented in Table 3.1 below. 
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Tail W name Transitions on cooling (°C) Switching behavior in B1 
C9 W618 I → 174 → B1 → 162 → B4 None observed 
C10 W513 I → 167 → B1 → 167 → B4 B1 too transient to measure 
C11 W619 I → 170 → B2 → 163 → B4 N/A 
C12 W609 I → 174 → B1 → 150 → B4 Rapid B1→B4 transition 
C13 W625 I → 166 → B1 → 156 → B4 Slower  B1→B4 transition 
C14 W610 I → 172 → B1 → 155 → B4 Slowest B1→B4 transition 
C15 W620 I → 171 → B1 → 156 → B4 ∆n changes, pink to blue 
[4.2.2] W540 I → 231 → SmA → 168 → SmC 
→ 131 → X 
N/A 
[4.2.2.2] W622 I → 218 → SmA → 160 → “dark” 
→ 145 → “bright” → 120 → X 
N/A 
2-octyl W626 I → 107→ X N/A 
 
Table 3.1: Names, phase transitions, and switching behaviors of the ten bent-core molecules synthesized. 
Each material was placed in a 4µm cell with polyimide alignment layers and was 
heated to isotropic, then cooled down through its phase range. If it underwent a B1 phase, 
then a voltage was applied (typically 50 V, 1-10 Hz, triangle-wave AC) to observe the 
sample’s response. Additionally, each sample’s X-ray diffraction spectrum was recorded. 
Bent-core molecules are notoriously difficult to align with polymer surface layers, relying 
on other strategies such as shear-alignment. 23 As a result, none of the samples indicates 
good alignment, though this is not terribly problematic for characterization. 
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 W618 (C9-tailed banana): This material, a slightly shorter-tailed homologue of 
W513, went through the B1 phase but did not appear to show any response to an applied 
field. Upon its transition to the B4 phase, it was unusually dark (Fig. 3.26). 
 
Figure 3.26: W618 exhibited the B1 phase but did not appear to undergo switching behavior (left). It then cooled 
into an unusually dark B4 phase (right). 
 W618’s X-ray reflection shows conclusively that this dark phase is still B4, 
however (Fig. 3.27). At the transition point, two peaks are visible, one for B1 and one for 
B4. Once below the transition, the material shows the multiple peaks characteristic of the 
B4 phase. There is also an associated layer expansion at the transition. 
 
Figure 3.27: Layer spacing for W618 (left), and peaks for above the transition (center) and below the transition 
temperature (right). 
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 W513 (C10-tailed banana): This is the archetypal non-Schiff-base B4 material, 
synthesized previously by Ethan Tsai. For the purposes of consistency it was re-
synthesized and reexamined as part of this series. It clearly went through the B1 phase 
upon cooling, but regardless of cooling rate it was quite unwilling to remain there for any 
length of time (Fig. 3.28). The phase was unstable and quickly collapsed to B4.  
 
Figure 3.28: W513 exhibited the B1 phase for only a few seconds (left). It then transitioned rapidly to the B4 
phase (right).  
Like the C9-tailed version, there is a noticeable layer expansion at the phase transition, 
and multiple peaks are seen in the B4 phase (Fig. 3.29). The B1 phase was not examined 
due to its transience.  
 
Figure 3.29: Layer spacing for W513 (left). Due to the transience of the B1 phase it is not shown here, but the B4 
phase again exhibits multiple peaks.  
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W619 (C11-tailed banana): This homologue, unlike the rest of the series, did not 
exhibit a B1 phase. It transitioned directly from isotropic into a phase that resembled B2, 
with areas of focal conics intermixed with areas of stripes (Fig. 3.30). The green and 
yellow colors characteristic of the B2 phase formed by NOBOW were not evident, 
however. From B2, this material cooled directly into the B4 phase. 
 
Figure 3.30: W619 did not exhibit B1. It transitioned from the B2 phase (left) to the B4 phase (right). 
The X-ray shows, as before, layer expansion in the B2-B4 transition (Fig. 3.31). As 
expected, there are again multiple peaks in the B4 phase. As expected, the multiple peaks 
of the B1-B4 transition in the high-temperature phase are not apparent, since no B1 phase 
exists. This provides evidence that the B2 and B4 phases are not coexistent, as B1 and B4 
usually are. 
 
Figure 3.31: W619’s layer spacing (left), and the peaks for the high temperature (middle) and low temperature 
(right) phases.  
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 W609 (C12-tailed banana): This material showed the B1 phase, but only as a few 
scattered feather regions surrounded by grey, B4-like areas (Fig. 3.32). As soon as a field 
was applied, the material converted entirely to a B4 phase. There was not enough time to 
observe clearly whether the sample exhibited switching behavior, or whether this was just 
a phase transition being observed.  
 
Figure 3.32: W609 exhibited the B1 phase (left), but the application of a field converted the phase into B4 within 
seconds (right). 
The same X-ray patterns are evident as in the other B4 materials: a layer 
expansion at the transition, with multiple peaks in the B4 phase, and a couple of peaks as 
the phase transitions from B1 to B4 (Fig. 3.33). 
 
Figure 3.33: Layer spacing (left), high-temperature phase (middle), and low-temperature phase (right) for 
W609. 
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 W625 (C13-tailed banana): This material, like its C12-tailed homologue, showed 
a B1 phase that collapsed into a B4 phase upon the application of a field (Fig. 3.34). The 
collapse was slightly slower for W625, however, taking approximately ten seconds 
instead of three to four. 
 
Figure 3.34: W625 exhibited the B1 phase (left) and, like W609, was converted to B4 by the presence of a field 
(right). The conversion was slower than for W609, however. 
The X-ray data shows that the behavior is in line with the other homologues in the series 
(Fig. 3.35).  
 
Figure 3.35: X-ray data for W625 shows the same layer expansion at phase change (left), coexistence of peaks 
near the B4 phase (middle), and multi-peak pattern in the B4 phase (right). 
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 W610 (C14-tailed banana): This material continued the trend of collapsing from 
B1 into B4 upon the application of a field (Fig. 3.36). However, its transition was slower 
again than that of the C12 and C13-tailed versions, taking around fifteen seconds.  
 
Figure 3.36: W610 exhibited the B1 phase (left) and was slowly converted to B4 phase by a field (right). The 
right photograph was taken after twenty seconds of exposure to a 12.5 V/micron field. 
X-ray data are in agreement with what is shown for the other homologues: a layer 
expansion at the phase transition, and multiple peaks in the B4 phase (Fig. 3.37). The X-
ray pattern was not taken at a temperature just above the phase transition, so it is 
unknown whether the coexistence peaks are shown. However, it is to be expected that 
they are.   
 
Figure 3.37: Layer spacing for W610 (left), and the B4 phase (right). 
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 W620 (C15-tailed banana): This, the longest-tailed material of the series, 
exhibited a B1 phase that was stable even under a field (Fig. 3.38). It was possible to 
observe switching with no phase degradation over the course of several minutes. The 
material’s B1 phase was also a lot more feather-rich compared to the patchy B1 phases of 
other homologues. The feather areas grew into one another upon cooling from isotropic 
and appeared to be a purple color. Depending on the sign of the voltage applied at any 
given moment, the material turned either blue or pink.  
 
Figure 3.38: W620 was the only material of the series to exhibit a B1 phase that appeared to switch stably in the 
presence of a field. This B1 field was purple in the absence of field (center), switching to blue (left) or pink 
(right) depending on the sign of field. 
The X-ray data for this material again demonstrates the clear existence of a B4 
phase at low temperature (Fig. 3.39). The multiple peaks at wide-angle are characteristic 
of the B4 filaments. 
 
Figure 3.39: X-ray for C15 showing layer spacing (left), a single peak at high temperature (middle), and multiple 
peaks in the B4 phase. 
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 W540 ([4.2.2]-tailed banana): This molecule was previously synthesized, and its 
higher-temperature phase was originally mistaken for B1. However, the lack of any 
distinct focal conic regions (Fig. 3.40) casts doubt on this description. Instead, W540 
cools from isotropic to SmA, then to SmC. Both of these textures are brighter than the B4 
phases shown by any of the alkyl-tailed compounds synthesized. There is a very slight 
change in birefringence upon phase transition – the SmC phase is slightly yellower.  
 
Figure 3.40: W540 does not undergo a B1 phase, but instead transitions from SmA (left) to SmC (right). 
No switching was observed in the sample once it had cooled fully into the SmC 
phase. The material was known to exhibit very little layer shrinkage, raising the suspicion 
that it might be a de Vries SmA material.  
 
 W622 ([4.2.2.2]-tailed banana): This material was somewhat enigmatic. Upon 
cooling from isotropic, it entered a SmA phase similar to that shown by W540 above. 
Below that, it transition through two phases: first a texture so dark as to be almost 
featureless, and then a bright yellow texture with small domains (Fig. 3.41). These phases 
have yet to be characterized, though it is expected that they are some kind of smectic 
phase.  
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Figure 3.41: W622 goes through several phases, the lower two of which are as yet unclassified. The high-
temperature SmA phase (left) is similar to that of W540, but the phase below it (right) is not immediately 
recognizable. 
 W626 (chiral 2-octyl-tailed banana): Unfortunately, this material appeared to 
transition directly from isotropic to crystal at 107oC, and is therefore not mesogenic. No 
anisotropic behavior was observed under PLM. 
 
General trends for B4 phase peaks: The multiple peaks for each B4 phase are plotted 
against the number of carbons in the chain in Fig. 3.42. 
 
Figure 3.42: Number of tail carbons versus B4 peak positions for the n-alkyl-tailed homologues. 
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This graph indicates that the peak spacing remains relatively consistent from one 
homologue to another, though it grows slightly as the tail length increases. This is 
unsurprising, since the longer tails require more space per tail. However, the B4 phase 
appears to be qualitatively identical in all n-alkyl-tailed compounds. It is not yet 
understood what causes the differences in stability of the higher-temperature phases in 
these compounds.  
 
Experimental Procedures 
General Methods: Commercially available reagents were used as purchased 
without further purification unless otherwise noted. THF was purified by distillation from 
a sodium/benzophenone ketyl still under an argon atmosphere prior to use. All 
nonaqueous reactions were performed in oven-dried glassware under an atmosphere of 
dry argon unless otherwise noted. All aqueous solutions used for reaction work up were 
saturated unless otherwise noted. All flash chromatography was performed with silica gel 
(40-63 microns, 230-400 mesh) purchased from Silicycle. Analytical thin-layer 
chromatography (TLC) was performed on Silica G TLC plates w/ UV with a thickness of 
200µm, purchased from Sorbent Technologies. Compounds were visualized with short-
wave UV, or by staining with I2, p-anisaldehyde, or vanillin. If either of the latter two 
stains were used, the plate was heated to visualize spots.  
 New compounds in the synthetic route were routinely characterized by NMR 
spectroscopy. 1H and 13C NMR spectra were recorded using a Varian Unity INOVA-500, 
a Bruker AM-400 spectrometer, or a Bruker 300 UltraShield. 1H NMR spectra are 
reported in parts per million (δ) relative to residual solvent peaks (7.24 for CDCl3 and 
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3.58 for the downfield peak of d8-THF). 13C NMR spectra are reported in parts per 
million (δ) relative to residual solvent peaks (77.23 for CDCl3 and 67.57 for the 
downfield peak of d8-THF). In the case of fluorinated compounds, 13C NMR spectra 
were performed first with normal carbon-proton decoupling to obtain singlet peaks for 
the most of the protonated carbons, and then with carbon-fluorine decoupling to obtain 
singlet peaks for most of the fluorinated carbons. Broadband 19F decoupling was 
achieved via the adiabatic WURST2 decoupling pulse scheme.  The decoupling scheme 
utilized a maximum decoupling field (gamma*B1) of 4.4 KHz with an RMS B1 field of 
2.6KHz, covering a bandwidth of > 25,000.   
For the mesogenic materials, phase transition temperatures were determined by 
differential scanning calorimetry using a Mettler Toledo DSC823e. Liquid crystal phases 
were determined by polarized light microscopy using a Nicon-HCS400 microscope with 
an Instec STC200 temperature-controlled stage. X-ray experiments were temperature-
controlled with an Instec STC200 hotstage, and data were collected using a point detector 
mounted on a Huber four-circle goniometer at either of the following: Synchrotron 
radiation at beamline X10A of the National Synchrotron Light Source (NSLS), 
Brookhaven National Laboratory, or Cu K(R) radiation from a Rigaku UltraX-18 rotating 
anode generator, operated by the Liquid Crystal Materials Research Center, University of 
Colorado-Boulder.  
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4'-hydroxy-biphenyl-4-carboxylic acid methyl ester (2) 
4'-Hydroxy-biphenyl-4-carboxylic acid (1) (5.0858 g, 23.74 mmol) was dissolved 
in 500 mL of methanol, and H2SO4 (0.5 mL) was added. The reaction was refluxed for 16 
hours, then concentrated by rotary evaporation. The resulting solid was partitioned into 
aqueous NaHCO3 and ethyl acetate. The organic layer was removed and washed with 2 x 
100 mL aqueous NaHCO3 and 1 x 100 mL aqueous NaCl. It was then dried over Na2SO4, 
filtered, and concentrated to yield 4'-hydroxy-biphenyl-4-carboxylic acid methyl ester 
(5.2834 g, 97.5%) as a white solid that was pure enough to carry on to the next step. This 
compound has been previously reported. 1H NMR (500 MHz, CDCl3): δ 8.10 (2H, dd), 
7.62 (2H, dd), 7.55 (2H, dd), 6.94 (2H, dd), 4.84 (1H, s), 3.96 (3H, s). 13C NMR (100 
MHz, CDCl3): δ 166.7, 158.4, 145.7, 131.2, 130.3, 128.7, 128.5, 126.5, 116.3, 51.8. 
 
F3C
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O
n
3a (n=1), 3b (n=2)
 
General synthesis of fluoroether triflates 
These tails were commercially available from Exfluor Research Corporation as 
the alcohol – either 1H,1H-perfluoro-3,6-dioxadecan-1-ol (abbreviated as [4.2.2]OH), or 
1H,1H-perfluoro-3,6,9-trioxatridecan-1-ol (abbreviated as [4.2.2.2]OH). The relevant 
alcohol (amounts vary; see specific reaction details below) was dissolved in 45 mL 
CH2Cl2. The reaction was cooled to 0° C in an ice bath, and triflic anhydride was added 
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dropwise, followed by pyridine. The reaction was stirred at 0° C for 1.5 hours and then at 
room temperature for 16 hours. This reaction was then diluted with 50 mL CH2Cl2, 
placed in a separatory funnel with several pieces of ice and washed with ice water, then 
with chilled 3 % sulfuric acid,  and then with ice water again. The organic layer was dried 
over sodium sulfate and concentrated under vacuum to a viscous, clear oil, which was 
kept in a freezer until use.  
Trifluoromethanesulfonic acid 1H,1H-perfluoro-3,6-dioxadec-1-yl ester 
([4.2.2]OTf, 4a): 12.8121 g [4.2.2]OH (3 a), 10.1083 g Tf2O,  2.8471 g pyridine. 
Yield: 14.4120 g (86.2%). This compound has been previously reported. 1H NMR 
(500 MHz, CDCl3): δ 5.42 (2H, t). 13C NMR (100 MHz, d8-THF): δ 121.72, 
118.61, 117.08, 116.09, 115.72, 115.57, 109.60, 109.45, 71.45. 
Trifluoromethanesulfonic acid 1H,1H-perfluoro-3,6,9-trioxatridec-1-yl ester 
([4.2.2.2]OTf, 4b): 16.1617 g [4.2.2.2]OH (3 b), 10.2940 g Tf2O,  2.8163 g 
pyridine. Yield: 18.2014 g (90.8%). This compound has been previously reported. 
1H NMR (500 MHz, CDCl3): δ 5.41 (2H, t). 13C NMR (100 MHz, d8-THF): δ 
121.39, 119.70, 118.30, 116.80, 115.76, 115.51, 115.42, 115.28, 109.29, 109.17, 
71.15. 
 
H3CO
OCH3
7
 
3,4'-Dimethoxy-biphenyl (7) 
4.2 mL of benzene and 4.2 mL of aqueous K2CO3 (2.0 M) were combined in a 50 
mL two-neck round-bottomed flask and sparged with argon for 1 hour. 1-Bromo-3-
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methoxy-benzene (5) (0.4811 g, 2.57 mmol), 4-methoxybenzene boronic acid (6) (0.3064 
g, 2.02 mmol), and tetrakis(triphenylphosphine) palladium (0.1177 g, 0.102 mmol) were 
added, and system was brought to reflux for 16 hours. After cooling to RT, the reaction 
was quenched with 25 mL of a 1:1 mixture of Et2O:H2O. The organic layer was separated 
and washed with 2 x 50 mL aqueous NaCl, then dried over Mg2SO4 and filtered. 
Concentration by rotary evaporation yielded 3,4'-dimethoxy-biphenyl (0.3979 g, 92.1%) 
as a yellow solid which was immediately carried on to the next step. This compound has 
been previously reported. 1H NMR (500 MHz, CDCl3): δ 7.52 (2H, dd), 7.30 (1H, m), 
7.14 (1H, m), 7.08 (1H, m), 6.98 (2H, dd), 6.85 (1 H, m), 3.86 (3H, s), 3.85 (3H, s). 13C 
NMR (100 MHz, CDCl3): δ 160.0, 159.4, 142.5, 133.7, 129.7, 128.3, 119.3, 114.2, 112.5, 
112.0, 55.5, 55.3. 
HO
OH
8
 
Biphenyl-3,4'-diol (8) 
3,4'-Dimethoxy-biphenyl (7) (0.3979 g, 1.86 mmol) was dissolved in 17 mL dry 
benzene. Boron tribromide (1.0 M in CH2Cl2, 3.0 mL) was added dropwise over the 
course of 5 minutes. The solution was allowed to reflux for 18 hours, then quenched with 
H2O. The resultant white precipitate was filtered out and recrystallized from methanol to 
yield biphenyl-3,4'-diol (0.2608 g, 75.3%) as a white solid. This compound has been 
previously reported. 1H NMR (500 MHz, d6-DMSO): δ 9.47 (1H, s), 9.37 (1H, s), 7.37 
(2H, dd), 7.17 (1H, m), 6.96 (1H, m), 6.91 (1H, m), 6.80 (2H, dd), 6.66 (1H, m). 13C 
NMR (100 MHz, d6-DMSO): δ 157.9, 157.2, 141.8, 131.2, 129.8, 127.7, 117.0, 115.8, 
113.4, 112.9.  
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9a (R=C9H19), 9b (R=C10H21), 9c (R=C11H23), 9d (R=C12H25), 
9e (R=C13H27), 9f (R=C14H29), 9g (R=C15H31)
 
General synthesis of n-alkyl-tailed methyl esters 
4'-Hydroxy-biphenyl-4-carboxylic acid methyl ester (amounts vary; see specific 
reaction details below) was dissolved in 75 mL dry acetone. Anhydrous potassium 
carbonate and anhydrous cesium carbonate were added and allowed to stir for five 
minutes, producing a yellow solution as the carboxylic acid dissolved and was 
deprotonated. 1.5 equivalents of the relevant alkyl bromide were added and the reaction 
was heated to reflux for 72 hours, with additional acetone added as needed. The reaction 
was cooled and filtered, with further acetone washings. The filtrate was coated onto silica 
by rotary evaporation and purified by column chromatography in chloroform to yield a 
white solid. 
4'-Nonyloxy-biphenyl-4-carboxylic acid methyl ester (C9 tailed ester, 9a): 
1.0039 g 4'-hydroxy-biphenyl-4-carboxylic acid methyl ester; 0.9097 g K2CO3, 
0.0938 g CsCO3, 1.3630 g nonyl bromide. Yield: 1.5350 g (98.5%). This 
compound has been previously reported. 1H NMR (500 MHz, CDCl3): δ 8.07 
(2H, dd), 7.62 (2H, dd), 7.56 (2H, dd), 6.98 (2H, dd), 4.01 (2H, t), 3.98 (3H, s), 
1.81 (2H, m), 1.45 (2H, m), 1.30 (10 H, m), 0.88 (3H, t). 13C NMR (100 MHz, 
CDCl3): δ 167.32, 159.59, 145.54, 132.39, 130.30, 128.57, 128.36, 126.65, 
115.12, 68.36, 52.31, 32.15, 29.91, 29.87, 29.82, 29.61, 26.29, 22.90, 14.37.  
4'-Decyloxy-biphenyl-4-carboxylic acid methyl ester (C10 tailed ester, 9b): 
1.5413 g 4'-hydroxy-biphenyl-4-carboxylic acid methyl ester; 1.3792 g K2CO3, 
0.1860 g CsCO3, 2.1034 g decyl bromide. Yield: 2.2956 g (92.3%). This 
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compound has been previously reported. 1H NMR (500 MHz, CDCl3): δ : 8.08 
(2H, dd), 7.63 (2H, dd), 7.58 (2H, dd), 6.99 (2H, dd), 4.02 (2H, t), 3.98 (3H, s), 
1.80 (2H, m), 1.44 (2H, m), 1.28 (12 H, m), 0.89 (3H, t). 13C NMR (100 MHz, 
CDCl3): δ 167.33, 159.59, 145.52, 132.40, 130.29, 128.56, 128.34, 126.63, 
115.11, 68.36, 52.30, 32.14, 29.89, 29.79, 29.70, 29.62, 29.53, 26.28, 22.91, 
14.37.  
4'-Undecyloxy-biphenyl-4-carboxylic acid methyl ester (C11 tailed ester, 9c): 
1.0001 g 4'-hydroxy-biphenyl-4-carboxylic acid methyl ester; 0.9425 g K2CO3, 
0.0944 g CsCO3, 1.5703 g undecyl bromide. Yield: 1.67447 g (98.12%). 
1H NMR (500 MHz, CDCl3): δ 8.08 (2H, dd), 7.63 (2H, dd), 7.57 (2H, dd), 6.99 
(2H, dd), 4.00 (2H, t), 3.93 (3H, s), 1.81 (2H, m), 1.45 (2H, m), 1.32 (14 H, m), 
0.88 (3H, t). 13C NMR (100 MHz, CDCl3): δ 167.32, 159.61, 145.55, 132.30, 
130.31, 128.54, 128.34, 126.67, 115.12, 68.38, 52.30, 32.10, 29.94, 29.85, 29.81, 
29.77, 29.70, 29.60, 26.25, 22.85, 14.39. Anal. calcd for C25H34O3: C, 78.49; H, 
8.96. Found: 78.17; H, 8.59. 
4'-Dodecyloxy-biphenyl-4-carboxylic acid methyl ester (C12 tailed ester, 9d): 
1.0021 g 4'-hydroxy-biphenyl-4-carboxylic acid methyl ester; 0.9335 g K2CO3, 
0.0909 g CsCO3, 1.6904 g dodecyl bromide. Yield: 1.7037 g (97.9%). This 
compound has been previously reported. 1H NMR (500 MHz, CDCl3): δ 8.09 
(2H, dd), 7.64 (2H, dd), 7.57 (2H, dd), 7.01 (2H, dd), 4.02 (2H, t), 3.95 (3H, s), 
1.80 (2H, m), 1.49 (2H, m), 1.27 (16H, m), 0.88 (3H, t). 13C NMR (100 MHz, 
CDCl3): δ 167.36, 159.65, 145.53, 132.33, 130.30, 128.54, 128.36, 126.64, 
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115.11, 68.37, 52.34, 32.18, 29.93, 29.87, 29.82, 29.76, 29.71, 29.63, 29.45, 
26.30, 22.92, 14.37. 
4'-Tridecyloxy-biphenyl-4-carboxylic acid methyl ester (C13 tailed ester, 9e): 
1.0221 g 4'-hydroxy-biphenyl-4-carboxylic acid methyl ester; 0.9584 g K2CO3, 
0.1476 g CsCO3, 1.7601 g tridecyl bromide. Yield: 1.7885 g (97.3%). 
1H NMR (500 MHz, CDCl3): δ 8.10 (2H, dd), 7.65 (2H, dd), 7.60 (2H, dd), 7.01 
(2H, dd), 4.02 (2H, t), 3.95 (3H, s), 1.83 (2H, m), 1.47 (2H, m), 1.28 (18H, m), 
0.90 (3H, t). 13C NMR (100 MHz, CDCl3): δ 167.41, 159.66, 149.70, 132.34, 
130.31, 128.54, 128.30, 126.65, 115.13, 68.36, 53.03, 32.16, 29.89, 29.82, 29.75, 
29.69, 29.65, 29.60, 29.55, 29.48, 26.27, 22.93, 14.37. Anal. calcd for C27H38O3: 
C, 78.98; H, 9.33. Found: 78.60; H, 9.25.  
4'-Tetradecyloxy-biphenyl-4-carboxylic acid methyl ester (C14 tailed ester, 
9f): 1.0049 g 4'-hydroxy-biphenyl-4-carboxylic acid methyl ester; 0.9963 g 
K2CO3, 0.0101 g CsCO3, 1.8303 g tetradecyl bromide. Yield: 1.8483 g (98.9%). 
1H NMR (500 MHz, CDCl3): δ 8.09 (2H, dd), 7.65 (2H, dd), 7.57 (2H, dd), 7.01 
(2H, dd), 4.02 (2H, t), 3.95 (3H, s), 1.80 (2H, m), 1.49 (2H, m), 1.27 (20H, m), 
0.89 (3H, t). 13C NMR (100 MHz, CDCl3): δ 167.36, 159.65, 145.53, 132.33, 
130.30, 128.54, 128.36, 126.64, 115.11, 68.35, 52.32, 32.16, 29.92, 29.86, 29.82, 
29.80, 29.77, 29.72, 29.65, 29.61, 29.47, 26.28, 22.93, 14.37. Anal. calcd for 
C28H40O3: C, 79.20; H, 9.50. Found: C, 79.15; H, 9.43. 
4'-Pentadecyloxy-biphenyl-4-carboxylic acid methyl ester (C15 tailed ester, 
9g): 1.0045 g 4'-hydroxy-biphenyl-4-carboxylic acid methyl ester; 0.9212 g 
K2CO3, 0.0989 g CsCO3, 1.9185 g pentadecyl bromide. Yield: 1.8736 g (97.1%). 
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This compound has been previously reported. 1H NMR (500 MHz, CDCl3): δ 8.10 
(2H, dd), 7.64 (2H, dd), 7.59 (2H, dd), 7.01 (2H, dd), 4.04 (2H, t), 3.96 (3H, s), 
1.84 (2H, m), 1.49 (2H, m), 1.34 (22H, m), 0.91 (3H, t). 13C NMR (100 MHz, 
CDCl3): δ 167.34, 159.65, 145.52, 132.34, 130.32, 128.55, 128.36, 126.66, 
115.13, 68.36, 52.33, 32.17, 29.93, 29.90, 29.85, 29.83, 29.82, 29.78, 29.72, 
29.64, 29.61, 29.48, 26.28, 22.94, 14.38.  
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General synthesis of fluoroether-tailed methyl esters 
4'-Hydroxy-biphenyl-4-carboxylic acid methyl ester (amounts vary; see specific 
reaction details below) was dissolved in 40 mL dry acetone. Anhydrous potassium 
carbonate and anhydrous cesium carbonate were added and allowed to stir for five 
minutes, producing a yellow solution as the carboxylic acid dissolved and was 
deprotonated. 0.9 equivalents of the relevant fluoroether triflate were added and the 
reaction was heated to reflux for 72 hours. The reaction was cooled and filtered, with 
further acetone washings. The filtrate was coated onto silica by rotary evaporation and 
purified by column chromatography in chloroform. The resultant solid was recrystallized 
from ethanol to yield a crystalline white solid. 
4'-(1H,1H-perfluoro-3,6-dioxadec-1-oxy)-biphenyl-4-carboxylic acid methyl 
ester ([4.2.2] tailed ester, 9h): 0.4316 g 4'-hydroxy-biphenyl-4-carboxylic acid 
methyl ester; 0.3670 g K2CO3, 0.0364 g CsCO3, 0.9997 g [4.2.2]OTf. Yield: 
0.9575 g (78.8%). This compound has been previously reported. 1H NMR (400 
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MHz, d8-THF): δ 8.05 (2H, dd), 7.70 (4H, dd), 7.11 (2H, dd), 4.66 (2H, t), 3.87 
(3H, s). 13C NMR (100 MHz, d8-THF): δ 168.58, 158.59, 144.92, 135.21, 131.94, 
131.49, 130.33, 130.05, 128.47, 127.82, 126.24, 123.58, 118.15, 116.94, 116.58, 
115.81, 115.30, 115.11, 109.08, 79.36, 52.22. 
4'-(1H,1H-perfluoro-3,6,9-trioxatridec-1-oxy)-biphenyl-4-carboxylic acid 
methyl ester ([4.2.2.2] tailed ester, 9i): 0.3209 g 4'-hydroxy-biphenyl-4-
carboxylic acid methyl ester; 0.3076 g K2CO3, 0.0555 g CsCO3, 0.8628 g 
[4.2.2.2]OTf. Yield: 0.7993 g (75.0%). 1H NMR (400 MHz, d8-THF): δ 8.05 (2H, 
dd), 7.71 (4H, dd), 7.12 (2H, dd), 4.66 (2H, t), 3.88 (3H, s). 13C NMR (100 MHz, 
d8-THF): δ 168.03, 158.53, 145.02, 134.99, 134.40, 130.95, 129.11, 130.10, 
128.51, 127.85, 126.24, 123.58, 118.15, 116.94, 116.59, 115.81, 115.31, 115.25, 
115.18, 115.11, 109.08, 79.37, 52.20. Anal. calcd for C24H13F19O6: , 38.01; H, 
1.73; F, 47.60. Found: C, 38.35; H, 1.82; F, 47.14. 
 
R O
O
O
CH3
9j (R=C6H13)
 
General synthesis of chiral branch-tailed methyl esters 
50 mL of anhydrous THF were added to an argon-purged flask. To this flask were 
added 4'-hydroxy-biphenyl-4-carboxylic acid methyl ester (amounts vary; see specific 
reaction details below), 1.1 equivalents of the relevant (S)-2-alcohol, and 
triphenylphosphine (TPP). After two minutes, diethyl azodicarboxylate (DEAD) was 
added to the mixture. The reaction was stirred at room temperature overnight, then coated 
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onto silica by rotary evaporation and columned in chloroform. The resultant solid was 
recrystallized from ethanol to yield a crystalline white solid. 
(R)-4'-(1-Methyl-heptyloxy)-biphenyl-4-carboxylic acid methyl ester (chiral 
2-octyl tailed ester, 9j): 1.0262 g 4'-hydroxy-biphenyl-4-carboxylic acid methyl 
ester; 0.6307 g (S)-2-octanol, 1.7324 g TPP, 1.1525 g DEAD. Yield: 0.6137 g 
(40.1%). This compound has been previously reported. 1H NMR (500 MHz, 
CDCl3): δ 8.09 (2H, dd), 7.64 (2H, dd), 7.57 (2H, dd), 6.99 (2H, dd), 4.42 (1H, 
m), 3.94 (3H, s), 1.78 (2H, m), 1.61 (2H, m), 1.32 (9H, m), 0.91 (3H, t). 13C NMR 
(100 MHz, CDCl3): δ 167.30, 158.79, 145.52, 132.19, 130.35, 128.60, 128.35, 
126.61, 116.34, 74.18, 52.30, 36.73, 32.07, 29.55, 25.80, 22.88, 19.99, 14.36.  
 
OH
O
O
R
10a (R=C9H19), 10b (R=C10H21), 10c (R=C11H23), 10d (R=C12H25), 
10e (R=C13H27), 10f (R=C14H29), 10g (R=C15H31), 10h (R=[4.2.2]),
10i (R=[4.2.2.2]), 10j (R=chiral 2-octyl)
 
General synthesis of tailed carboxylic acids 
The 4'-alkoxy-biphenyl-4-carboxylic acid methyl ester (amounts vary; see specific 
reaction details below) was dissolved in 20 mL of a 1:1 mixture of water and THF. 10 
equivalents of lithium hydroxide monohydrate were added and the reaction was stirred at 
reflux for 16 hours. After cooling, the reaction was brought to a pH of 2 by dropwise 
addition of HCl, causing the product to precipitate out. The resulting solid was filtered, 
washed with water, and recrystallized from ethanol to yield a crystalline white solid.  
4'-Nonyloxy-biphenyl-4-carboxylic acid (C9 tailed acid, 10a): 1.3668 g methyl 
ester, 1.5949 g LiOH·H2O. Yield: 1.1964 g (91.1%). This compound has been 
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previously reported. 1H NMR (500 MHz, d8-THF): δ 11.45 (1H, broad), 8.19 
(2H, dd), 7.69 (2H, dd), 7.37 (2H, dd), 6.83 (2H, dd), 3.94 (2H, t), 1.71 (2H, m), 
1.33 (2H, m), 1.29 (10H, m), 0.96 (3H, t). 13C NMR (100 MHz, d8-THF): δ 
164.67, 157.68, 142.88, 130.10, 128.12, 127.06, 126.05, 123.99, 112.74, 75.98, 
30.01, 27.70, 27.50, 27.41, 24.17, 22.47, 20.71, 11.61.  
4'-Decyloxy-biphenyl-4-carboxylic acid (C10 tailed acid, 10b): 2.4801 g 
methyl ester, 2.8553 g LiOH·H2O. Yield: 2.1340 g (89.5%). This compound has 
been previously reported. 1H NMR (500 MHz, d8-THF): δ 11.45 (1H, broad), 
8.18 (2H, dd), 7.68 (2H, dd), 7.36 (2H, dd), 6.82 (2H, dd), 3.93 (2H, t), 1.70 (2H, 
m), 1.34 (2H, m), 1.30 (12H, m), 0.96 (3H, t). 13C NMR (100 MHz, d8-THF): δ 
164.69, 157.69, 142.89, 130.11, 128.13, 127.06, 126.05, 123.98, 112.75, 75.98, 
30.00, 27.71, 27.60, 27.51, 27.42, 24.18, 22.46, 20.70, 11.61. 
4'-Undecyloxy-biphenyl-4-carboxylic acid (C11 tailed acid, 10c): 1.4858 g 
methyl ester, 1.756 g LiOH·H2O. Yield: 1.2992 g (90.8%). This compound has 
been previously reported. 1H NMR (500 MHz, d8-THF): δ 11.49 (1H, broad), 
8.17 (2H, dd), 7.65 (2H, dd), 7.39 (2H, dd), 6.79 (2H, dd), 3.94 (2H, t), 1.72 (2H, 
m), 1.31 (2H, m), 1.27 (14H, m), 0.97 (3H, t). 13C NMR (100 MHz, d8-THF): δ 
164.71, 157.69, 142.88, 130.12, 128.10, 127.06, 126.06, 123.97, 112.77, 76.00, 
30.05, 27.72, 27.52, 27.50, 27.45, 27.41, 24.19, 22.46, 20.69, 11.60. 
4'-Dodecyloxy-biphenyl-4-carboxylic acid (C12 tailed acid, 10d): 1.6006 g 
methyl ester, 1.7893 g LiOH·H2O. Yield: 1.3444 g (86.7%). This compound has 
been previously reported. 1H NMR (500 MHz, d8-THF): δ 11.46 (1H, broad), 
8.19 (2H, dd), 7.66 (2H, dd), 7.39 (2H, dd), 6.80 (2H, dd), 3.94 (2H, t), 1.69 (2H, 
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m), 1.31 (2H, m), 1.29 (16H, m), 0.96 (3H, t). 13C NMR (100 MHz, d8-THF): δ 
164.70, 157.70, 142.87, 130.10, 128.12, 127.05, 126.04, 123.99, 112.74, 75.98, 
30.03, 27.75, 27.65, 27.59, 27.54, 27.45, 27.40, 24.18, 22.47, 20.69, 11.58. 
4'-Tridecyloxy-biphenyl-4-carboxylic acid (C13 tailed acid, 10e): 1.7445 g 
methyl ester, 1.7979 g LiOH·H2O. Yield: 1.3974 g (82.9%). 1H NMR (500 MHz, 
d8-THF): δ 11.46 (1H, broad), 8.19 (2H, dd), 7.66 (2H, dd), 7.40 (2H, dd), 6.81 
(2H, dd), 3.95 (2H, t), 1.70 (2H, m), 1.32 (2H, m), 1.29 (18H, m), 0.97 (3H, t). 
13C NMR (100 MHz, d8-THF): δ 164.70, 157.70, 142.89, 130.11, 128.08, 127.06, 
126.04, 124.00, 112.79, 75.99, 30.02, 27.75, 27.68, 27.62, 27.57, 27.50, 27.44, 
27.39, 24.17, 22.45, 20.67, 11.59. Anal. calcd for C26H36O3: C, 78.75; H, 9.15. 
Found: C, 78.77; H, 8.99. 
4'-Tetradecyloxy-biphenyl-4-carboxylic acid (C14 tailed acid, 10f): 1.7911 g 
methyl ester, 1.7456 g LiOH·H2O. Yield: 1.4574 g (84.1%). This compound has 
been previously reported. 1H NMR (500 MHz, d8-THF): δ 11.45 (1H, broad), 
8.18 (2H, dd), 7.65 (2H, dd), 7.39 (2H, dd), 6.81 (2H, dd), 3.95 (2H, t), 1.72 (2H, 
m), 1.34 (2H, m), 1.30 (18H, m), 0.96 (3H, t). 13C NMR (100 MHz, d8-THF): δ 
164.61, 157.70, 142.90, 130.10, 128.12, 127.03, 126.04, 123.99, 112.74, 75.99, 
30.03, 27.79, 27.74, 27.67, 27.61, 27.54, 27.47, 27.41, 27.39, 24.17, 22.45, 20.71, 
11.59. 
4'-Pentadecyloxy-biphenyl-4-carboxylic acid (C15 tailed acid, 10g): 1.7625 g 
methyl ester, 1.7189 g LiOH·H2O. Yield: 1.4302 g (83.8%). This compound has 
been previously reported. 1H NMR (500 MHz, d8-THF): δ 11.50 (1H, broad), 
8.18 (2H, dd), 7.67 (2H, dd), 7.34 (2H, dd), 6.77 (2H, dd), 3.93 (2H, t), 1.71 (2H, 
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m), 1.34 (2H, m), 1.26 (18H, m), 0.97 (3H, t). 13C NMR (100 MHz, d8-THF): δ 
164.69, 157.67, 142.90, 130.10, 128.11, 127.09, 126.04, 123.99, 112.75, 75.99, 
29.98, 27.75, 27.55, 27.52, 27.49, 27.47, 27.44, 27.40, 24.17, 22.44, 20.65, 11.58. 
4'-(1H,1H-perfluoro-3,6-dioxadec-1-oxy)-biphenyl-4-carboxylic acid ([4.2.2] 
tailed acid, 10h): 0.8307 g methyl ester, 0.5306 g LiOH·H2O. Yield: 0.6377 g 
(78.5%). This compound has been previously reported. 1H NMR (400 MHz, d8-
THF): δ 11.50 (1H, broad), 8.06 (2H, d), 7.69 (4H, d), 7.11 (2H, d), 4.65 (2H, t). 
13C NMR (100 MHz, d8-THF): δ 168.56, 158.57, 144.90, 135.19, 131.92, 131.47, 
130.31, 130.03, 128.45, 127.80, 123.56, 116.92, 116.56, 115.79, 115.28, 115.09, 
109.06, 79.34. 
4'-(1H,1H-perfluoro-3,6,9-trioxatridec-1-oxy)-biphenyl-4-carboxylic acid 
([4.2.2.2] tailed acid, 10i): 0.6466 g methyl ester, 0.3998 g LiOH·H2O. Yield: 
0.4785 g (75.4%). 1H NMR (400 MHz, d8-THF): δ 11.50 (1H, broad), 8.07 (2H, 
d), 7.69 (4H, d), 7.12 (2H, d), 4.66 (2H, t). 13C NMR (100 MHz, d8-THF): δ 
168.06, 158.56, 145.05, 135.02, 134.43, 130.98, 129.14, 130.13, 128.54, 127.88, 
123.61, 116.97, 116.62, 115.84, 115.34, 115.28, 115.21, 115.14, 109.11, 79.40. 
Anal. calcd for C23H11F19O6: C, 37.11; H, 1.49; F, 48.50. Found: C, 37.33; H, 
1.73; F, 48.22. 
(R)-4'-(1-Methyl-heptyloxy)-biphenyl-4-carboxylic acid (chiral 2-octyl tailed 
acid, 10j): 0.5461 g methyl ester, 0.6770 g LiOH·H2O. Yield: 0.3694 g (70.5%). 
This compound has been previously reported. 1H NMR (500 MHz, d8-THF): δ 
11.45 (1H, broad), 8.18 (2H, dd), 7.69 (2H, dd), 7.38 (2H, dd), 6.81 (2H, dd), 4.43 
(1H, m), 1.74 (2H, m), 1.60 (2H, m), 1.30 (9H, m), 0.95 (3H, t). 13C NMR (100 
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MHz, d8-THF): δ 164.52, 156.98, 142.92, 130.25, 128.15, 127.10, 126.05, 
124.11, 114.14, 77.18, 34.52, 30.17, 27.45, 23.40, 20.65, 17.40, 12.02. 
 
O
O
OR
O R
O
O
11a (R=C9H19), 11b (R=C10H21), 11c (R=C11H23), 11d (R=C12H25), 
11e (R=C13H27), 11f (R=C14H29), 11g (R=C15H31), 11h (R=[4.2.2]),
11i (R=[4.2.2.2]), 11j (R=chiral 2-octyl)
 
General synthesis of bent-core materials 
In an argon-purged flask with constant stirring, 2.1 equivalents of the 4'-alkoxy-
biphenyl-4-carboxylic acid (amounts vary; see specific reaction details below) were 
dissolved in 6mL of  a 1:1 mixture of THF and CH2Cl2. To this mixture were added 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) and 4-dimethylaminopyridine 
(DMAP). After two minutes, biphenyl-3,4’-diol was added. The reaction proceeded at 
room temperature for 16 hours, and was then examined by thin-layer chromatography. In 
the case of the shorter-tailed analogues, the reaction was complete at this point. The 
longer-tailed, less soluble analogues required a further 24 hours to reach an acceptable 
conversion. Upon completion, the reaction was deposited onto silica by rotary 
evaporation and columned in chloroform. The resultant solid was recrystallized twice 
from ethanol to yield a crystalline white solid. 
W618 (C9 tailed banana, 11a): 1.0970 g tailed carboxylic acid, 0.7533 g EDCI, 
0.0381 g DMAP, 0.2873 g biphenyl-3,4’-diol. Yield: 0.9707 g (75.7%). 1H NMR 
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(500 MHz, CDCl3): δ 8.28 (4H, dd), 7.72 (4H, dd), 7.70 (2H, dd), 7.62 (4H, dd), 
7.55 (2H, dd), 7.49 (1H, m), 7.34 (2H, dd), 7.26 (1H, m), 7.03 (4H, dd), 4.02 (4H, 
t), 1.86 (4H, t), 1.29 (24H, m), 0.89 (6H, t). 13C NMR (100 MHz, CDCl3): δ 
165.40, 159.81, 151.65, 150.95, 146.27, 142.31, 132.16, 130.98, 130.09, 128.63, 
128.55, 128.02, 127.63, 126.84, 122.36, 120.90, 120.74, 115.20, 68.38, 31.19, 
29.78, 29.64, 29.51, 29.48, 26.28, 22.92, 14.37. Anal. calcd for C56H62O6: C, 
80.93; H, 7.52. Found: C, 80.84; H, 7.53. Phase transitions: I → 174°C → B1 → 
162°C → B4 (on cooling, determined by microscope observation). 
W513 (C10 tailed banana, 11b): 0.3975 g tailed carboxylic acid, 0.2673 g 
EDCI, 0.0129 g DMAP, 0.0993 g biphenyl-3,4’-diol. Yield: 0.3437 g (75.0%). 
This compound has been previously reported. 1H NMR (500 MHz, CDCl3): δ 8.29 
(4H, dd), 7.73 (4H, dd), 7.71 (2H, dd), 7.63 (4H, dd), 7.55 (2H, dd), 7.50 (1H, m), 
7.35 (2H, dd), 7.27 (1H, m), 7.04 (4H, dd), 4.05 (4H, t), 1.85 (4H, t), 1.51 (4H, 
m), 1.31 (28H, m), 0.92 (6H, t). 13C NMR (100 MHz, CDCl3): δ 165.40, 159.81, 
151.65, 150.95, 146.27, 142.31, 132.16, 130.98, 130.09, 128.63, 128.55, 128.02, 
127.63, 126.84, 122.36, 120.90, 120.74, 115.20, 68.38, 31.19, 29.78, 29.64, 29.51, 
29.48, 26.28, 22.92, 14.37. Phase transitions: I → 167°C → B1 → 167°C → B4 
(on cooling, determined by microscope observation). 
W619 (C11 tailed banana, 11c): 1.1946 g tailed carboxylic acid, 0.7719 g EDCI, 
0.0348 g DMAP, 0.2903 g biphenyl-3,4’-diol. Yield: 1.0954 g (79.2%). 1H NMR 
(500 MHz, CDCl3): δ 8.29 (4H, dd), 7.73 (4H, dd), 7.71 (2H, dd), 7.62 (4H, dd), 
7.53 (2H, dd), 7.48 (1H, m), 7.33 (2H, dd), 7.25 (1H, m), 7.01 (4H, dd), 4.04 (4H, 
t), 1.84 (4H, t), 1.35 (32H, m), 0.90 (6H, t). 13C NMR (100 MHz, CDCl3): δ 
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165.41, 159.80, 151.65, 150.97, 146.28, 142.30, 132.15, 131.00, 130.07, 128.64, 
128.54, 128.00, 127.65, 126.83, 122.37, 120.91, 120.75, 115.19, 68.38, 31.18, 
29.79, 29.70, 29.65, 29.59, 29.50, 29.45, 26.25, 22.93, 14.39. Anal. calcd for 
C60H70O6: C, 81.23; H, 7.95. Found: 81.12; H, 7.90. Phase transitions: I → 170°C 
→ B2 → 163°C → B4 (on cooling, determined by microscope observation). 
W609 (C12 tailed banana, 11d): 1.2572 g tailed carboxylic acid, 0.7576 g 
EDCI, 0.0339 g DMAP, 0.2916 g biphenyl-3,4’-diol. Yield: 1.1034 g (77.0%). 1H 
NMR (500 MHz, CDCl3): δ 8.29 (4H, dd), 7.74 (4H, dd), 7.71 (2H, dd), 7.63 (4H, 
dd), 7.54 (2H, dd), 7.49 (1H, m), 7.34 (2H, dd), 7.27 (1H, m), 7.04 (4H, dd), 4.04 
(4H, t), 1.84 (4H, t), 1.50 (4H, m), 1.27 (36H, m), 0.89 (6H, t). 13C NMR (100 
MHz, CDCl3): δ 165.39, 159.80, 151.64, 150.94, 146.26, 142.30, 132.15, 130.98, 
130.09, 128.63, 128.55, 128.02, 127.63, 126.84, 122.35, 120.89, 120.73, 115.20, 
68.38, 31.18, 29.79, 29.70, 29.66, 29.59, 29.52, 29.48, 26.30, 22.91, 14.36. Anal. 
calcd for C62H74O6: C, 81.36; H, 8.15. Found: C, 81.30; H, 8.11. Phase 
transitions: I → 174°C → B1 → 150°C → B4 (on cooling, determined by 
microscope observation). 
W625 (C13 tailed banana, 11e): 1.2733 g tailed carboxylic acid, 0.7492 g EDCI, 
0.0333 g DMAP, 0.2842 g biphenyl-3,4’-diol. Yield: 1.1080 g (76.9%). 1H NMR 
(500 MHz, CDCl3): δ 8.28 (4H, dd), 7.73 (4H, dd), 7.71 (2H, dd), 7.63 (4H, dd), 
7.55 (2H, dd), 7.50 (1H, m), 7.35 (2H, dd), 7.27 (1H, m), 7.04 (4H, dd), 4.03 (4H, 
t), 1.85 (4H, t), 1.33 (40H, m), 0.89 (6H, t). 13C NMR (100 MHz, CDCl3): δ 
165.41, 159.81, 151.66, 150.96, 146.26, 142.30, 132.16, 131.01, 130.05, 128.65, 
128.56, 128.01, 127.66, 126.83, 122.38, 120.90, 120.76, 115.20, 68.39, 31.18, 
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29.79, 29.75, 29.69, 29.64, 29.59, 29.55, 29.49, 29.43, 26.20, 22.92, 14.37. Anal. 
calcd for C64H78O6: C, 81.49; H, 8.33. Found: C, 81.50; H, 8.58. Phase 
transitions: I → 166°C → B1 → 156°C → B4 (on cooling, determined by 
microscope observation). 
W610 (C14 tailed banana, 11f): 1.3492 g tailed carboxylic acid, 0.7503 g EDCI, 
0.0323 g DMAP, 0.2916 g biphenyl-3,4’-diol. Yield: 1.1492 g (75.5%). 1H NMR 
(500 MHz, CDCl3): δ 8.27 (4H, dd), 7.73 (4H, dd), 7.66 (2H, dd), 7.62 (4H, dd), 
7.54 (2H, dd), 7.49 (1H, m), 7.34 (2H, dd), 7.26 (1H, m), 7.04 (4H, dd), 4.04 (4H, 
t), 1.83 (4H, t), 1.28 (32H, m), 0.88 (6H, t). 13C NMR (100 MHz, CDCl3): δ 
165.43, 159.80, 151.67, 150.95, 146.23, 142.31, 132.16, 131.03, 130.01, 128.64, 
128.55, 128.01, 127.63, 126.81, 122.37, 120.88, 120.74, 115.14, 68.39, 31.18, 
29.79, 29.75, 29.64, 29.53, 29.48, 29.45, 26.24, 22.91, 14.37. Anal. calcd for 
C66H82O6: C, 81.61; H, 8.51. Found: C, 81.60; H, 8.45. Phase transitions: I → 
172°C → B1 → 145°C → B4 (on cooling, determined by microscope 
observation). 
W620 (C15 tailed banana, 11g): 1.2462 g tailed carboxylic acid, 0.6839 g EDCI, 
0.0328 g DMAP, 0.2475 g biphenyl-3,4’-diol. Yield: 0.9331 g (70.2%). 1H NMR 
(500 MHz, CDCl3): δ  8.27 (4H, dd), 7.72 (4H, dd), 7.67 (2H, dd), 7.61 (4H, dd), 
7.52 (2H, dd), 7.50 (1H, m), 7.34 (2H, dd), 7.26 (1H, m), 7.02 (4H, dd), 4.02 (4H, 
t), 1.81 (4H, t), 1.38 (40H, m), 0.88 (6H, t). 13C NMR (100 MHz, CDCl3): δ 
165.43, 159.81, 151.67, 150.95, 146.24, 142.32, 132.17, 131.04, 130.02, 128.65, 
128.55, 128.01, 127.64, 126.81, 122.37, 120.89, 120.74, 115.15, 68.39, 31.18, 
29.79, 29.75, 29.69, 29.65, 29.59, 29.54, 29.49, 29.45, 26.24, 22.92, 14.38. Anal. 
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calcd for C68H86O6: C, 81.72; H, 8.67. Found: C, 81.61; H, 8.63. Phase 
transitions: I → 171°C → B1 → 156°C → B4 (on cooling, determined by 
microscope observation). 
W540 ([4.2.2] tailed banana, 11h): 0.2205 g tailed carboxylic acid, 0.0932 g 
EDCI, 0.0065 g DMAP, 0.0310 g biphenyl-3,4’-diol. Yield: 0.2071 g (88.4%). 
This compound has been previously reported. 1H NMR (400 MHz, d8-THF): δ 
 
8.25 (4H, dd), 7.82 (4H, dd), 7.76 (6H, m), 7.59 (2H, m), 7.52 (1H, m), 7.36 (2H, 
dd), 7.26 (1H, m), 7.15 (4H, dd), 4.76 (4H, t). 13C NMR (100 MHz, d8-THF): δ 
165.19, 165.13, 159.06, 153.03, 152.28, 146.42, 142.93, 138.77, 134.85, 131.55, 
130.65, 129.51, 129.25, 128.93, 127.61, 125.12, 124.74, 123.17, 121.38, 118.13, 
116.37, 115.86, 115.03, 109.14, 108.97, 62.57. Phase transitions: I → 231°C → 
SmA → 168°C → SmC→ 130°C → X (on cooling, determined by microscope 
observation). 
W622 ([4.2.2.2] tailed banana, 11i): 0.2886 g tailed carboxylic acid, 0.0918 g 
EDCI, 0.0086 g DMAP, 0.0350 g biphenyl-3,4’-diol. Yield: 0.2548 g (82.7%).  
1H NMR (400 MHz, d8-THF): δ 
 
8.25 (4H, dd), 7.81 (4H, dd), 7.76 (6H, m), 7.59 
(2H, m), 7.51 (1H, m), 7.36 (2H, dd), 7.25 (1H, m), 7.14 (4H, dd), 4.75 (4H, t). 
13C NMR (100 MHz, d8-THF): δ 165.19, 165.13, 159.06, 153.03, 152.28, 146.42, 
142.93, 138.77, 134.85, 131.55, 130.65, 129.51, 129.25, 128.93, 127.61, 126.42, 
125.12, 123.17, 121.38, 119.78, 118.25, 117.53, 117.05, 116.85, 116.73, 116.37, 
110.78, 110.64, 64.22. Anal. calcd for C58H28F38O12: , 42.51; H, 1.72; F, 44.05. 
Found: C, 42.58; H, 1.70; F, 43.74. Phase transitions: I → 218°C → SmA → 
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160°C → “dark phase” → 145°C → “bright phase” → 120°C → X (on cooling, 
determined by microscope observation). 
W626 (chiral 2-octyl tailed banana, 11j): 1.2462 g tailed carboxylic acid, 
0.6839 g EDCI, 0.0328 g DMAP, 0.2475 g biphenyl-3,4’-diol. Yield: 0.9331 g 
(87.4%). 1H NMR (500 MHz, CDCl3): δ 8.28 (4H, dd), 7.68 (4H, dd), 7.55 (8H, 
m), 7.35 (2H, dd), 7.27 (2H, dd), 7.02 (4H, dd), 4.44 (2H, m), 1.84 (4H, m), 1.29 
(22H, m), 0.91 (6H, t). 13C NMR (100 MHz, CDCl3): δ 165.15, 158.71, 151.44, 
150.74, 142.08, 137.97, 131.82, 130.75, 129.84, 129.70, 128.45, 128.31, 127.35, 
126.59, 124.61, 122.13, 120.50, 116.17, 74.03, 36.48, 31.81, 29.29, 25.55, 22.62, 
19.76, 14.10. Anal. calcd for C54H58O6: C, 80.77; H, 7.28. Found: C, 80.41; H, 
7.09. Phase transitions: I → 107°C → X (on cooling, determined by microscope 
observation). 
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Overview 
 Photovoltaics are materials capable of converting solar radiation directly into DC 
electricity. 1 Materials commercially available at present include amorphous silicon, 
polycrystalline silicon, micro-crystalline silicon, cadmium telluride, and 
copper/indium/gallium/diselenide or disulfide (CIGS), all of which are inorganic. Purity 
and crystalline grain size are a large determinant of efficiency in these cells – the smaller 
the grains and the more impure the material, the lower the efficiency.  Efficiencies as 
high as 24.7% have been reported in pure monocrystalline silicon by Miles et. al. 2, but 
most commercially available cells fall significantly below this. The drawback to using 
these typical inorganic photovoltaic materials is that processing is often quite expensive 
and energy-intensive. Pure monocrystalline silicon requires rigorous purification and very 
slow cooling from a melt, and other methods require techniques like vapor deposition. 2  
Organic semiconductors have several advantages over inorganic semiconductors, 
many of which are based on the ease of processing required: they can typically be cast 
from solvent. 3 Organic materials also offer the possibility of flexible, lightweight solar 
cells, allowing their use in numerous applications for which inorganics are unsuitable. 
Additionally, rare elements present in inorganics, such as indium, are not needed for 
organic materials, dramatically lowering the materials’ costs. Although organics are not 
intrinsically purer than inorganics, it should in principle be easier to achieve a given level 
of purity, and require significantly less energy. 3 
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The biggest drawback of crystalline organic semiconductors is their low charge-
carrier mobility.  This is caused by disordered packing of the molecules, either on the 
microscopic scale (amorphous packing) or the macroscopic scale (grain boundaries). 
Once the molecules have been deposited into a crystalline structure, correction of these 
imperfections is difficult and energy-intensive. Thus, all these materials are intrinsically 
at a disadvantage. Charge carrier mobility, which is the primary determinant of solar cell 
efficiency, is lowered by several orders of magnitude compared to that of inorganic 
materials. For very well-aligned organic samples the charge carrier mobility is as high as 
5 cm2/Vs, 4 which is comparable to that of amorphous silicon but nowhere near as high as 
that of monocrystalline silicon (1400 cm2/Vs) 5. However, most organic samples are not 
as well aligned and typically have mobilities on the order of 10-4 cm2/Vs. The organic 
samples with the best mobilities were put through purification processes almost as 
energy-intensive as those for inorganic materials, if not more so. 
The reason that defects lower the charge-carrier mobility is that in order to travel 
across a sample, the charge carriers must be able to hop from molecule to molecule (Fig. 
4.1 3). This works best if all the molecules are packed uniformly, with no dislocations 
from one region to the next. The pi electron systems of each molecule must interact 
sufficiently to allow an electron or a hole to be passed from one molecule to another. In 
amorphous materials or at crystal domain boundaries, this is not the case and so charge 
transport is hindered. 3  
 117 
 
 
Figure 4.1: Charge transport in monocrystalline materials (A), amorphous materials (B) and polycrystalline 
materials (C). Transport is blocked in (B) and (C) due to insufficient contact between pi systems. 
Liquid crystalline materials offer an elegant solution to this problem. If a 
semiconducting material can be heated into a low-viscosity liquid crystalline phase, it can 
self-heal into a structure with few defects and with the desired alignment. This well-
ordered phase can then ideally be cooled back to a crystalline state at room temperature, 
with the microscopic structure intact. The liquid crystalline phase itself does not typically 
have high charge carrier mobility, since the planar orientation and position of a molecule 
relative to its nearest neighbor is not fixed. 6 However, it affords the possibility of 
transferring its order to a very well-aligned and potentially monocrystalline material, with 
far simpler processing than monocrystalline inorganics. 
Many different attempts at materials meeting this description have already been 
synthesized. The two most common liquid crystalline classes – calamitic and discotic – 
are well-represented in this area (Fig. 4.2 3). Some forays have also been made into the 
area of sanidic or board-shaped molecules 7, although these are typically polymeric 
materials and significantly more difficult to align satisfactorily. 3  
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Figure 4.2: Some examples of calamitic, discotic and sanidic liquid crystalline phases. 
In all cases, it is the rigid, aromatic core of the molecule that allows charge 
transport. Any phase that exhibits pi-pi stacking between the cores of adjacent molecules 
should theoretically be a viable material for charge transport. For crystals based on 
discotic phases, charge transport only happens along each stack. This leads to 
conductivity in one dimension only – the stacks are insulated from each other by the 
flexible, nonaromatic tails around the edge of each disc. Small defects in crystal structure 
can easily disrupt an individual column and prevent it from conducting. For this reason, 
crystals based on calamitic phases have a distinct advantage. They can conduct in two 
dimensions within each smectic layer, so they are not so vulnerable to disruption. 3 
However, in order to conduct between the two plates bounding the cell, as would be 
required in a photovoltaic device, the layers must be aligned perpendicular to the surface 
rather than parallel (Fig. 4.3 3). The perpendicular alignment means that the conductive 
cores are in direct contact with the substrate.  
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Figure 4.3: For liquid crystalline photovoltaic devices, charge-carrier mobility between boundary surfaces is 
better in cases where the layers are perpendicular to the surface (A), rather than parallel (B). 
As noted above, the pi-pi stacking and charge carrier mobility of the mesophase are 
usually quite low, because neither the position of a molecule relative to its nearest 
neighbor nor its rotational orientation is fixed. It is for this reason that calamitics are 
typically represented as rods, even though the molecules themselves may be more board-
shaped. They rotate so freely (typically on the order of 1011 times per second) that they 
are best represented as long objects with only one anisotropic axis. 3 
 
Electronic Properties 
 
In inorganic materials, fine control of electronic properties is required to achieve 
the desired photovoltaic behavior. The material is doped to increase the number of 
negative (n-type) charge carriers, typically electrons, or positive (p-type) charge carriers, 
typically called “holes.” This is accomplished by replacing some fraction of the atoms 
with elements having less or more valence electrons, creating a deficit or surplus of 
electrons. The resulting p- and n-type semiconductors are then joined to form a p-n 
junction that allows the generation of electricity when illuminated. As a photon strikes 
the material, an electron-hole pair is created. These will typically recombine within 
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microseconds, but if this pair is close enough to the p-n junction the two can separate 
from each other and generate current.  
In a bulk material, the electrons lie within limited ranges of permissible energies, 
some of which are occupied in the ground state and some of which are not. The occupied 
and unoccupied energy bands are known as the valence and conduction bands 
respectively (Fig. 4.4 8). In the case of conductors, these two bands overlap so that a 
given charge carrier does not need to overcome an energy barrier to become mobile. In 
the case of semiconductors, the occupied and unoccupied bands are separated by some 
distance (known as the band gap), which is small but can be overcome based on available 
energy. In an insulator, the band gap becomes insurmountably large and charge carriers 
can no longer travel freely.  
 
Figure 4.4: The occupied and unoccupied orbital levels for conductors, semiconductors and insulators.  
The particular types of photons absorbed by a photovoltaic device depend on the 
band gap of the material. For instance, the band gap of silicon is 1.1 eV, so it is incapable 
of absorbing any photons with less energy than this. However, if a higher-energy photon 
is absorbed by silicon, all energy over 1.1 eV is dissipated as heat. This leads to the 
derivation of the Shockley-Quiesser limit, the maximum theoretical efficiency based on a 
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single-layer solar cell at room temperature. 9 For silicon this limit is 33.7%, though it is 
important to note that this limit can be surpassed by multilayered solar cells. 
 
Polythiophenes 
 
 The great majority of organic semiconductors are based on thiophene. 
Polythiophene and its derivatives are known to become conductive under the appropriate 
doping conditions. With the removal of two electrons from a given area of the 
polythiophene chain, a bipolaron is formed which can travel along the chain (Fig. 4.5 8). 
Although the conductivity of these materials is lower than that of most metallic 
conductors, it is acceptably high for most desired applications. Polythiophenes have 
garnered more attention than other conducting polymers due to their environmental 
stability in doped and undoped states, non-linear optical properties, and highly reversible 
redox switching. 
 
Figure 4.5: A bipolaron can be generated in a polythiophene and travel along the chain, rendering it conductive. 
 In terms of available energy states, it is possible to generate a molecular orbital 
diagram for progressively longer polymer systems. One example, shown below in Fig. 
4.6 8, is the MO diagram for a chain containing 1, 2, 4, and n conjugated double bonds. 
As the number of double bonds increases, the range of energies for occupied and 
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unoccupied orbitals widens. At an infinitely long chain length, the two ranges become 
continuous bands, and the MO diagram begins to look a lot like that of a semiconductor. 
 
Figure 4.6: The MO diagrams for progressively longer conjugated systems approaches the state of two 
continuous bands, separated by a band gap.  
In the case of the doped polymers shown in Figure 4.5, the removal of some 
electrons from valence band allows the remaining electrons to move freely, acting more 
like a conductor.  For the purposes of photovoltaic materials, this doping is not necessary, 
as conductive behavior is not desirable. 
Since the side groups of thiophenes are readily substituted, the electronic 
properties of the molecule are quite easy to modify (Fig. 4.7). There are two types of 
position on the thiophene ring: the α positions next to the sulfur, and the β positions 
further away from it.  
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Figure 4.7: The two position on the thiophene ring are the α and β positions (left). Most polythiophenes are 
linked at the α position, with pendant groups at the β position. One such example is P3HT (right). 
Rings are typically attached to each other at the α position. Most work has been 
done on creating long polymer chains of thiophene with groups at the β position on each 
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ring, or on alternating rings. Poly-3-hexylthiophene (P3HT) is an extremely common 
example of the former. 8 The side chains allow greater processability of the polymer, as 
polythiophene is insoluble in most solvents. 10 
Comparatively little work has been done on oligothiophenes with substituents at 
the α positions of the terminal rings. Most such work is based on crystalline structures 
with, for example, phenyl or naphthyl groups at the terminal α positions. 11 Although 
these could potentially be used for photovoltaic devices, they do not lend themselves to 
such easy grain-boundary healing as should be possible in materials showing an LC 
phase.  
 Several different oligothiophenes have been reported to have smectic phases (Fig. 
4.8), many of which were synthesized by Funahashi and Hanna. 12, 13, 14 
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Figure 4.8: Some of Hanna and Funahashi’s thiophenic materials which are reported to form smectic phases. 
Structures E and F were synthesized in an attempt to reduce crystallinity by 
attaching asymmetric tails, in an attempt to make the smectic phases lower and wider. 
Structure E forms a stable smectic phase from 98.6oC to below -20oC, and structure F 
forms a stable smectic phase from 191oC to below -20oC.  
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 The best of these materials, structure F above, has charge carrier mobilities as 
high as 10-1 cm2/Vs. 15 Although this is not as good as currently reported crystalline 
organics, the ability to fine-tune characteristics of the materials means that it has the 
potential to achieve much higher mobilities.  
Another example of oligothiophenes with smectic phases are the structures 
synthesized by Van Breemen et al. 16 Versions with butyl, hexyl and decyl tails were 
synthesized (Fig. 4.9). 
S
SSS SR R
 
Figure 4.9: The structures synthesized by Van Breemen et al. The R groups used were butyl, hexyl and decyl. 
The butyl structure showed no LC phases, but the hexyl and decyl structures 
showed very narrow smectic phases. However, the materials formed very large 
monodomain films under the right conditions, which is promising as a proof-of-concept 
for grain boundary healing in these materials.  
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Goals 
 
  The target molecules for this project were chosen to be a series of oligothiophenes 
with easily substituted tails (Fig. 4.10).  
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Figure 4.10: The target molecules are all based on a core containing between three and six thiophene rings, with 
an alkoxymethyl tail at each end. 
This sort of modular design scheme is similar to that used for the W513 
derivatives in Chapter 3. Since a small change in structure can result in different 
transition temperatures or the appearance of new phases, a number of similar compounds 
were synthesized in the hopes that some would exhibit the desired characteristics. 
The choice of tails was based on common liquid crystal tail units used by our 
group. The alkyl tails had to be long enough that crystallization was discouraged enough 
to produce mesophases. For this reason the ten-, twelve- and fourteen-carbon alkyl 
groups were used. The perfluoroether tails (the same tails that were used to create two 
variants of W513 in the previous chapter) were known to promote higher-temperature 
mesophases and were chosen for this reason. The branched alkyl tail was chosen because 
the side methyl group was known to disrupt packing order and perhaps promote lower 
transition temperatures. 
The plan was to make the synthesis as modular as possible (Fig. 4.11). Each of the 
different tail units would first be coupled to a molecule containing a single thiophene unit 
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with a bromine on the far side. This would then be attached via Stille coupling to the 
relevant core unit for the molecule, which would be prepared by having a tributylstannyl 
group attached to either end of it. 
Bu3Sn SnBu3
Core unit S S
ROOR
S
RO BrSHO Br
 
Figure 4.11: The general synthetic route for the target molecules. 
 This synthetic scheme lends itself to the creation of a wide variety of compounds. 
For instance, it should be relatively simple to substitute in different chains of thiophenes 
containing one of more heterocycles, in order to adjust the p-type or n-type character of 
the materials. As mentioned above, two heterocyclic systems of interest are oxadiazoles 
and carbazoles, which in future projects could be incorporated into similar molecules via 
this general scheme. 
 
Synthesis 
 
For this family of compounds, the core and tail units were synthesized 
individually and then coupled as the last step (Fig. 4.12). For ease of labeling, each target 
molecule was abbreviated with a code name consisting of the total number of thiophene 
rings followed by the type of tail. For instance, the product with three rings and a decyl 
tail was named 3.10, the product with five rings and a [4.2.2] tail was named 5.[4.2.2], 
and the product with six rings and the branched 2-octyl tail was named 6.2-oct. 
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Figure 4.12: The synthetic route for the target compounds. Two bromine-terminated tail units were coupled to a 
distannyl core unit by Stille coupling.  
 
To make the tail units (3), the first step was to reduce the commercially available 
5-bromo-thiophene-2-carbaldehyde (1) to the corresponding alcohol (2) with sodium 
borohydride. This molecule was slowly oxidized by air and needed to be kept in the 
freezer to remain useful. From there, one of two different methods was used to attach the 
tail. In the case of the n-alkyl tails, a simple Williamson ether synthesis on the alkyl 
halide was enough to attach the tail, though not with very good yield (typically 50%). 
This method was attempted on the fluoroether triflates, but this reaction produced a black 
tar with roughly a dozen spots visible in TLC each time. With this in mind, a number of 
different routes were tried (Fig. 4.13).  
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Figure 4.13: Neither Williamson ether synthesis on the triflate, nor converting the thiophene alcohol to the 
triflate or the tosylate, nor Mitsunobu worked. The non-alkyl tails were only successfully attached via the 
trichloroacetimidate. 
 
As a second potential route, the thiophene alcohol was exposed to triflic 
anhydride in an attempt to convert it to the triflate, but again it gave only a gritty black 
tar. A third attempt used tosyl chloride in an attempt to tosylate the alcohol; upon 
columning, this produced a pale yellow oil that looked promising, but only gave a 1.5% 
yield for the reaction and was very impure by NMR. The fourth attempted route involved 
a Mitsunobu coupling. This reaction requires that the more acidic alcohol have a pKa of 
15 or below. The thiophene alcohol was predicted to have a pKa of 13.88 17 so the 
reaction was expected to work. However, TLC at 24, 48 and 72 hours showed no change 
in the composition of the reaction mixture.  
 A fifth route was tried; this involved converting the thiophene alcohol to its 
trichloroacetimidate (2a). This finally gave a pure product, albeit at low yield. The 
trichloroacetimidate was reacted with the alcohols of the two fluoroethers and racemic 2-
octanol to give the desired end units (3). The yield for both production of the 
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trichloroacetimidate and its coupling were around 50%, but within the range of 
trichloroacetimidate coupling yields in the literature.   
It is not understood why the thiophene alcohol is so reluctant to attach to the tails; 
it could be related to the facility with which it is air-oxidized. However, the starting 
materials were commercially available and inexpensive, so the reactions were done on 
large enough scales to overcome this problem. 
To make the core units, the commercially available bithiophene, terthiophene, or 
quaterthiophene (4b-d) was stannylated with butyllithium and tributyl tin chloride. On 
the first attempts the reaction appeared to work, but the product decomposed on the silica 
used for TLC and column chromatography. Once alumina was used instead for both of 
these methods, the isolation of these stannanes proceeded smoothly and with good yield 
to give the bis(tributylstannyl)oligothiophene (5b-d). The single-ring 
bis(tributylstannyl)thiophene (5a) was commercially available from Sigma Aldrich and 
did not need to be synthesized.  
To couple the tail units (3) to the core unit (5), Stille coupling was used. Initially a 
traditional thermal Stille was performed by refluxing the reagents in DMF overnight, but 
the yields produced by this method were at most 30%, and typically lower. However, the 
use of a microwave reactor is known to dramatically reduce reaction times and increase 
yields for Stille and other couplings. 18 Once a microwave reactor became available, the 
reactions were performed vie this method instead. By heating the reactants to 200oC in 
chlorobenzene, the average reaction time was lowered to 15 minutes and the yield 
increased to 45%-60%.  
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Solubility varied widely depending on the number of rings in the final molecule, 
so the terthiophene (three-ring) products (6) and quaterthiophene (four-ring) products (7) 
were purified by first columning in 1:1 chloroform: hexanes, then recrystallizing from 
hexanes. The quinquethiophene (five-ring) products (8) were purified by recrystallization 
from larger amounts of hexanes, and the very insoluble sexithiophene (six-ring) products 
(9) could only be recrystallized from chloroform. 
 
Results 
 
The materials produced varied in appearance and phase transitions, but the biggest 
determinant of properties was the number of rings in the core. For instance, the n-alkyl 
tailed compounds had similar phase transitions to other compounds with similar core 
structures. The color of the compounds was also determined by core size: the 3-, 4-, 5-, 
and 6-ringed compounds were pale yellow oils, yellow solids, orange solids, and red-
orange solids respectively (Fig. 4.14).  
 
Figure 4.14: The color of typical 4-ring (left), 5-ring (center), and 6-ring (right) compounds. 
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Since these colors indicate adsorption of violet through blue-green light, the band gap of 
each series likely varies from around 2.5 to 3 eV, which is a little on the high side but 
comparable to that of other photovoltaic materials.  
 The phase transition behavior of the target molecules is shown in Table 4.1.  
Name Phase Transitions (heating) Phase Transitions (cooling) 
3.10 Isotropic at RT  Isotropic at RT 
3.12 Isotropic at RT  Isotropic at RT 
3.14 Isotropic at RT Isotropic at RT 
3.2-oct Isotropic at RT Isotropic at RT 
3.[4.2.2] Isotropic at RT Isotropic at RT 
3.[4.2.2.2] Isotropic at RT Isotropic at RT 
4.10 X → 132 → I I → 130 → X 
4.12 X → 129 → I I → 125 → X 
4.14 X → 126 → I I → 121 → X 
4.2-oct Isotropic at RT Isotropic at RT 
4.[4.2.2] X → 141 → I I → 139 → X 
4.[4.2.2.2] X → 142 → I I → 139 → X 
5.10 X → 200 → I   I → 192 → X 
5.12 X → 123 → Sm → 196 → I  I → 182 → Sm → 101 → X 
5.14 X → 121 → Sm → 186 → I  I → 171 → Sm → 63 → X 
5.2-oct X → 99 → Sm → 183 → I  I → 169 → Sm → 91 → X  
5.[4.2.2] X → 135 → Sm → 246 → I  I → 243 → Sm → 131 → X 
5.[4.2.2.2] X → 141 → Sm → 246 → I  I → 245 → Sm → 138 → X 
6.10 X → 156 → Sm → 256 → I  I → 249 → Sm → 141 → X 
6.12 X → 158 → Sm → 253 → I  I → 244 → Sm → 137 → X 
6.14 X → 153 → Sm → 246 → I  I → 238 → Sm → 133 → X 
6.2-oct X → 206 → Sm → 265 → I  I → 260 → Sm → 200 → X 
6.[4.2.2] X → 153 → I  I → 147 → X 
6.[4.2.2.2] X → 156 → Sm → 252 → I I → 248 → Sm → 149 → X 
 
Table 4.1: Phase transitions of target molecules. 
Unsurprisingly, there is a correlation between number of rings and transition 
temperatures. The four-ring compounds do not exhibit mesophases, while the five- and 
six-ring compounds pass through smectics at progressively higher temperatures. The 
three-ring compounds are isotropic at room temperature and therefore not of use for LC-
OPV applications, so their phase transitions were not measured.  
 132 
 
Future Research 
Much work still remains to be done in fully characterizing these compounds. In 
particular, their photovoltaic properties have yet to be measured, although steps are being 
taken in this direction. Time-of-flight is a common method for determining charge carrier 
mobility, and this is expected to be available in the future. In addition, the samples could 
be put through the steps described as the beginning of this chapter, wherein a thin layer is 
coaled onto a substrate and then annealed by heating into the available liquid crystal 
phases. If these samples prove to have acceptable charge carrier mobilities, either before 
or after this alignment step, then further work could be done in investigating their use as 
photovoltaic materials.  
In the more distant future, these materials could perhaps be a candidate for 
commercially-produced organic solar devices. The low cost of these products may allow 
them to become ubiquitous, reducing the world’s dependence on fossil fuels and on 
centralized power systems in general.  
 
Experimental  
 
General Methods: Commercially available reagents were used as purchased 
without further purification unless otherwise noted. THF was purified by distillation from 
a sodium/benzophenone ketyl still under an argon atmosphere prior to use. All 
nonaqueous reactions were performed in oven-dried glassware under an atmosphere of 
dry argon unless otherwise noted. All aqueous solutions used for reaction work up were 
saturated unless otherwise noted. Microwave reactions were performed in a MutiSYNTH 
microwave reactor, in a 70 mL TFM reaction vessel. 
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All flash chromatography was performed either with silica gel (40-63 microns, 
230-400 mesh) purchased from Silicycle, or with alumina gel (80-200 mesh) purchased 
from Fisher. Analytical thin-layer chromatography (TLC) was performed on either Silica 
G TLC plates w/ UV with a thickness of 200µm, purchased from Sorbent Technologies, 
or on Alumina TLC plates w/ UV with a thickness of 200µm, purchased from Sorbent 
Technologies. Compounds were visualized with short-wave UV, or by staining with I2, p-
anisaldehyde, or vanillin. If either of the latter two stains were used, the plate was heated 
to visualize spots.  
 New compounds in the synthetic route were routinely characterized by NMR 
spectroscopy. 1H and 13C NMR spectra were recorded using a Varian Unity INOVA-500, 
a Bruker AM-400 spectrometer, or a Bruker 300 UltraShield. 1H NMR spectra are 
reported in parts per million (δ) relative to residual solvent peaks (7.24 for CDCl3 and 
3.58 for the downfield peak of d8-THF). 13C NMR spectra are reported in parts per 
million (δ) relative to residual solvent peaks (77.23 for CDCl3 and 67.57 for the 
downfield peak of d8-THF). In the case of fluorinated compounds, 13C NMR spectra 
were performed first with normal carbon-proton decoupling to obtain singlet peaks for 
the most of the protonated carbons, and then with carbon-fluorine decoupling to obtain 
singlet peaks for most of the fluorinated carbons. Broadband 19F decoupling was 
achieved via the adiabatic WURST2 decoupling pulse scheme.  The decoupling scheme 
utilized a maximum decoupling field (gamma*B1) of 4.4 KHz with an RMS B1 field of 
2.6KHz, covering a bandwidth of > 25,000.   
For the mesogenic materials, phase transition temperatures were determined by 
differential scanning calorimetry using a Mettler Toledo DSC823e. Liquid crystal phases 
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were determined by polarized light microscopy using a Nicon-HCS400 microscope with 
an Instec STC200 temperature-controlled stage.  
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(5-Bromo-thiophen-2-yl)-methanol (2) 
 
Before use, 5-bromo-thiophene-2-carbaldehyde (1) was purified by column 
chromatography in 9:1 hexanes:ethyl acetate, converting it from a viscous black oil to a 
pale yellow oil. The resulting pure 5-bromo-thiophene-2-carbaldehyde (19.3481 g, 101.3 
mmol) was dissolved in absolute ethanol (65 mL) and cooled to 0oC, and sodium 
borohydride (8.3697 g, 221.2 mmol) was added over the course of 15 minutes. The 
reaction was stirred for 15 hours at room temperature (RT), and then concentrated by 
rotary evaporation. 200 mL of CH2Cl2 and 200 mL of H2O were added and the mixture 
was placed in a separatory funnel. The organic layer was isolated, washed with 2x200 mL 
aqueous NaHCO3, dried over MgSO4, filtered, and concentrated by rotary evaporation to 
give a clear brown oil. Column chromatography in 9:1 hexanes:ethyl acetate yielded (5-
bromo-thiophen-2-yl)-methanol as a pale yellow oil (16.0910 g, 82.3%). This compound 
has been previously reported. 1H NMR (300 MHz, CDCl3): δ 6.87 (1H, d), 6.67 (1H, d), 
4.60 (2H, s), 4.04 (1H, broad). 13C NMR (75 MHz, CDCl3): δ 145.77, 129.59, 125.64, 
111.99, 59.60. 
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(5-Bromo-thiophen-2-yl)-methyl-2,2,2-trichloroacetimidate (2a) 
 
  (5-Bromo-thiophen-2-yl)-methanol (12.9462 g, 67.1 mmol) was dissolved in 100 
mL THF and added to a stirred suspension of NaH (60 wt% in oil) (3.5789 g, 89.5 mmol) 
in THF (135 mL) in a flame-dried round-bottom flask. This mixture was stirred at RT for 
30 min, then cooled with an ice bath. Trichloroacetonitrile (12.1591 g, 84.2 mmol) was 
added, and the mixture was again stirred at RT for 16 hours. The viscous black mixture 
was then coated onto silica by rotary evaporation. This was purified by column 
chromatography in 9:1 hexanes:ethyl acetate to give (5-bromo-thiophen-2-yl)-methyl-
2,2,2-trichloroacetimidate (10.8480 g, 47.9%) as a yellow oil. 1H NMR (300 MHz, 
CDCl3): δ 8.49 (1H, s), 6.98 (1H, d), 6.94 (1H, dt), 5.44 (2H, d). 13C NMR (75 MHz, 
CDCl3): δ 162.11, 138.68, 129.56, 129.38, 128.89, 114.11, 65.06. Anal. calcd for 
C7H5BrCl3NOS: C, 24.91; H, 1.49; Br, 23.68; Cl, 31.52; N, 4.15; S, 9.50. Found: C, 
24.81, H, 1.48, Br, 23.51, Cl, 31.54, N, 4.27, S, 9.45. 
 
 
S
ORBr
3a (R = C10H21), 3b (R = C12H25), 3c (R = C14H29)
 
General synthesis of n-alkyl-tailed bromothiophenes 
 
 (5-Bromo-thiophen-2-yl)-methanol (2) (amounts vary; see specific reaction 
details below) was dissolved in 8 mL dry THF. 1.6 equivalents of NaH (60 wt% in oil) 
were added slowly over the course of 5 minutes and the mixture was stirred for 20 
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minutes. A solution of two equivalents of the relevant alkyl halide in 11 mL THF was 
added, and the reaction was refluxed for 16 hours. After cooling, the reaction was 
quenched with 10 mL of a 9:1 acetone:H2O mixture. The mixture was dried with 
Mg2SO4, filtered, and concentrated by rotary evaporation to yield a dark brown oil. This 
crude product was purified by column chromatography in 1:1 CHCl3:hexanes to yield the 
product as a yellow oil. 
2-Bromo-5-decyloxymethyl-thiophene (3a): 1.0087 g (5-bromo-thiophen-2-yl)-
methanol, 0.4375 g NaH, 2.3043 g decyl bromide. Yield: 1.5649 g (90.4%). 1H 
NMR (300 MHz, CDCl3): δ 6.92 (1H, d), 6.74 (1H, dt), 4.58 (2H, d), 3.45 (2H, t), 
1.60 (2H, m), 1.30 (14 H, m), 0.90 (3H, t). 13C NMR (75 MHz, CDCl3): δ 143.51, 
129.30, 126.20, 112.15, 70.31, 67.46, 31.91, 29.64, 29.59, 29.57, 29.45, 29.33, 
26.11, 22.69, 14.13. Anal. calcd for C15H25BrOS: C, 54.05; H, 7.56; Br, 23.97; S, 
9.62. Found: C, 53.99; H, 7.50; Br, 24.00; S, 9.65. 
2-Bromo-5-dodecyloxymethyl-thiophene (3b): 1.0000 g (5-bromo-thiophen-2-
yl)-methanol, 0.3777 g NaH, 2.5855 g dodecyl bromide. Yield: 1.2189 g (65.5%). 
1H NMR (300 MHz, CDCl3): δ 6.92 (1H, d), 6.74 (1H, dt), 4.58 (2H, d), 3.46 (2H, 
t), 1.61 (2H, m), 1.32 (16H, m), 0.91 (3H, t). 13C NMR (75 MHz, CDCl3): δ 
143.52, 129.29, 126.18, 112.15, 70.31, 67.46, 31.95, 29.69, 29.66, 29.63, 29.61, 
29.57, 29.47, 29.38, 26.13, 22.72, 14.14. Anal. calcd for C17H29BrOS: C, 56.50; 
H, 8.09; Br, 22.11; S, 8.87. Found: C, 56.42; H, 8.00; Br, 22.02; S, 8.94.  
2-Bromo-5-tetradecyloxymethyl-thiophene (3c): 1.0215 g (5-bromo-thiophen-
2-yl)-methanol, 0.3412 g NaH, 2.8809 g tetradecyl bromide. Yield: 1.4354 g 
(70.0%). 1H NMR (300 MHz, CDCl3): δ 6.92 (1H, d), 6.74 (1H, dt), 4.58 (2H, d), 
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3.47 (2H, t), 1.60 (2H, m), 1.30 (22H, m), 0.90 (3H, m). 13C NMR (75 MHz, 
CDCl3): δ 143.51, 129.29, 126.19, 112.15, 70.31, 67.46, 31.94, 29.71, 29.70, 
29.68, 29.65, 29.63, 29.60, 29.57, 29.46, 29.38, 26.12, 22.71, 14.14. Anal. calcd 
for C19H33BrOS: C, 58.60; H, 8.54; Br, 20.52; S, 8.23. Found: C, 58.49; H, 8.50; 
Br, 20.45; S, 8.20.  
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3d (R = rac-2-octyl), 3e (R = [4.2.2]), 3f (R = [4.2.2.2])
R
rac-2-octyl [4.2.2] [4.2.2.2]
 
General synthesis of fluoroether-tailed or branched-alkyl-tailed bromothiophenes 
 
 Semipure (5-bromo-thiophen-2-yl)-methyl-2,2,2-trichloroacetimidate (2a) 
(amounts vary; see specific reaction details below) was mixed with 0.15 equivalents of 
pyridinium p-toluenesulfonate (PPTS), 2 equivalents of the relevant alcohol, and 20 mL 
of CH2Cl2. This mixture was stirred at room temperature for 48 hours under nitrogen. The 
reaction was then concentrated by rotary evaporation and purified by column 
chromatography in 9:1 hexanes:ethyl acetate to yield the product as a yellow oil. 
Racemic 2-bromo-5-(2-octyloxymethyl)-thiophene (3d): 0.7046 g 
trichloroacetimidate, 0.0794 g PPTS, 0.5459 g racemic 2-octanol. Yield: 0.2825 g 
(44.3%). 1H NMR (300 MHz, CDCl3): δ 6.91 (1H, d), 6.73 (1H, dt), 4.59 (2H, 
dq), 3.53 (1H, q), 1.29 (10H, m), 1.18 (3H, d), 0.90 (3H, t). 13C NMR (75 MHz, 
CDCl3): δ 144.16, 129.23, 125.72, 111.95, 74.84, 65.03, 36.54, 31.85, 29.36, 
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25.43, 22.64, 19.54, 14.11. Anal. calcd for C13H21BrOS: C, 51.15; H, 6.93; Br, 
26.17; S, 10.50. Found: C, 51.09; H, 6.85; Br, 26.10; S, 10.40. 
2-Bromo-5-((1H,1H-perfluoro-3,6-dioxadec-1-oxy)methyl)-thiophene (3e): 
0.7135 g trichloroacetimidate, 0.0860 g PPTS, 1.8039 g [4.2.2]OH. Yield: 0.5813 
g (45.3%). 1H NMR (300 MHz, CDCl3): δ 6.96 (1H, d), 6.80 (1H, dt), 4.76 (2H, 
s), 3.83 (2H, t). 13C NMR (75 MHz, CDCl3): δ 140.47, 129.56, 127.80, 125.82, 
124.24, 121.58, 116.15, 113.81, 113.72, 113.11, 107.08, 68.35, 67.75.  Anal. 
calcd for C13H6BrF15O3S: C, 25.72; H, 1.00; Br, 13.16; F, 46.94; S, 5.28. Found: 
C, 25.67; H, 0.94; Br, 13.11; F, 46.82; S, 5.22. 
2-Bromo-5-((1H,1H-perfluoro-3,6,9-trioxatridec-1-oxy)methyl)-thiophene 
(3f): 0.6779 g trichloroacetimidate, 0.0823 g PPTS, 2.5597 g [4.2.2.2]OH. Yield: 
0.5996 g (41.3 %). 1H NMR (300 MHz, CDCl3): δ 6.96 (1H, d), 6.80 (1H, dt), 
4.75 (2H, s), 3.82 (2H, t). 13C NMR (75 MHz, CDCl3): δ 140.47, 129.56, 127.80, 
125.85, 124.24, 121.58, 116.15, 114.59, 113.81, 113.72, 113.25, 113.11, 107.08, 
68.35, 67.75.  Anal. calcd for C15H6BrF19O4S: C, 24.91; H, 0.84; Br, 11.05; F, 
49.92; S, 4.43. Found: C, 24.88; H, 0.83; Br, 11.02; F, 50.00; S, 4.42.  
SBu3Sn SnBu3
n5
5b: n = 2
5c: n = 3
5d: n = 4
 
General synthesis of bis(tributylstannyl) oligothiophenes 
 
 The relevant oligothiophene (amounts vary; see specific reaction details below) 
was dissolved in THF and cooled to -78oC. 2.1 equivalents of n-BuLi (1.6M in hexanes) 
were added dropwise. The mixture was allowed to warm to RT and stirred for an hour. 
2.1 equivalents of tributyl tin chloride were added and the reaction was refluxed for 1 
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hour; during this time it turned brown and cloudy. n-Hexane was added to the mixture, 
and it was allowed to cool to RT. The mixture was washed with aqueous NaHCO3 
(2x75mL), dried over MgSO4, and concentrated by rotary evaporation. The crude product 
was purified by column chromatography in pure hexanes on alumina to yield the product 
as an oil (pale yellow for n=2, through very dark yellow for n=4).  
5,5′-Bis(tributylstannyl)-2,2′-bithiophene (5b): 1.0078 g 2,2’-bithiophene, 45 
mL THF, 10.0 mL n-BuLi, 4.1164 g Bu3SnCl. Yield: 3.8266 g (84.8 %). This 
compound has been previously reported. 1H NMR (300 MHz, CDCl3): δ 7.30 
(2H, d), 7.06 (2H, d), 1.57 (12H, m), 1.36 (12H, m), 1.13 (12H, t), 0.91 (18H, t). 
13C NMR (75 MHz, CDCl3): δ 142.50, 136.22, 124.90, 124.10, 29.03, 27.34, 
13.75, 10.96. 
5,5′′-Bis(tributylstannyl)-2,2′:5′,2′′-terthiophene (5c): 2.5125 g 2,2′:5′,2′′-
terthiophene, 70 mL THF, 13.5 mL n-BuLi, 6.9717 g Bu3SnCl. Yield: 7.1362 g 
(85.3 %). This compound has been previously reported. 1H NMR (300 MHz, 
CDCl3): δ 7.32 (2H, d), 7.11 (4H, m), 1.62 (12H, m), 1.40 (12H, m), 1.17 (12H, 
t), 0.95 (18H, t). 13C NMR (75 MHz, CDCl3): δ 142.67, 136.71, 136.15, 136.11, 
124.70, 124.03, 28.98, 27.29, 13.69, 10.91. 
5,5′′′-Bis(tributylstannyl)-2,2′:5′,2′′:5′′,2′′′-quaterthiophene (5d): 1.0524 g 
2,2′:5′,2′′:5′′,2′′′-quaterthiophene, 30 mL THF, 8 mL n-BuLi, 2.8078 g Bu3SnCl. 
Yield:  2.4433 g (84.4 %). This compound has been previously reported. 1H NMR 
(300 MHz, CDCl3): δ 7.30 (2H, d), 7.09 (6H, m), 1.60 (12H, m), 1.37 (12H, m), 
1.14 (12H, t), 0.93 (18H, t). 13C NMR (75 MHz, CDCl3): δ 142.50, 137.00, 
136.49, 136.21, 136.13, 135.70, 124.90, 124.10, 29.03, 27.34, 13.75, 10.96.  
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6a (R = C10H21), 6b (R = C12H25), 6c (R = C14H29), 
6d (R = rac-2-octyl), 6e (R = [4.2.2]), 6f (R = [4.2.2.2])
S
3
ORRO
 
General synthesis of tailed terthiophenes 
 
2,5-Bis(tributylstannyl)thiophene (5a) (amounts vary; see specific reaction details 
below) was mixed with 2.05 equivalents of the relevant tail unit (3a-f) and chlorobenzene 
(10 mL) in a 20 mL vial. This solution was subjected twice to a vacuum-argon cycle, then 
sparged with argon for an additional 10 min. Tetrakis(triphenylphosphine) palladium (0) 
was placed in a 70 mL microwave reaction vessel, and the vessel was flushed with argon. 
The reactant solution was transferred by syringe and the vessel was sealed. It was placed 
in the microwave reactor and heated to 200oC for 20 minutes. The resulting product was 
purified by column chromatography in CHCl3 to yield the product as a yellow oil. 
5,5′′-Bis(decyloxymethyl)-2,2′:5′,2′′-terthiophene (3.10, 6a): 0.0912 g 5a, 
0.1189 g 3a, 0.0067 g Pd(PPh3)4. Yield: 0.0407 g (50.2%). 1H NMR (300 MHz, 
CDCl3): δ 7.09 (2H, m), 7.05 (2H, d), 6.90 (2H, d), 4.59 (2H, d), 3.45 (2H, t), 1.61 
(2H, m), 1.30 (14 H, m), 0.92 (3H, t). 13C NMR (75 MHz, CDCl3): δ 142.90, 
136.05, 127.70, 124.85, 123.93, 123.42, 70.31, 67.46, 31.91, 29.64, 29.59, 29.57, 
29.45, 29.33, 26.11, 22.69, 14.13. Phase transitions: Isotropic at RT. 
5,5′′-Bis(dodecyloxymethyl)-2,2′:5′,2′′-terthiophene (3.12, 6b): 0.0842 g 5a, 
0.1095 g 3b, 0.0086 g Pd(PPh3)4. Yield: 0.0436 g (53.2%). 1H NMR (300 MHz, 
CDCl3): δ 7.10 (2H, m), 7.05 (2H, d), 6.92 (2H, d), 4.58 (2H, d), 3.44 (2H, t), 1.60 
(2H, m), 1.32 (16H, m), 0.91 (3H, t). 13C NMR (75 MHz, CDCl3): δ 142.90, 
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136.05, 127.70, 124.85, 123.93, 123.42, 70.32, 67.46, 31.95, 29.69, 29.66, 29.63, 
29.61, 29.57, 29.47, 29.38, 26.13, 22.72, 14.14. Phase transitions: Isotropic at RT. 
5,5′′-Bis(tetradecyloxymethyl)-2,2′:5′,2′′-terthiophene (3.14, 6c): 0.0756 g 5a, 
0.1154 g 3c, 0.0062 g Pd(PPh3)4. Yield: 0.0441 g (55.1%). 1H NMR (300 MHz, 
CDCl3): δ 7.09 (2H, m), 7.04 (2H, d), 6.89 (2H, d), 4.58 (2H, d), 3.47 (2H, t), 1.60 
(2H, m), 1.30 (22H, m), 0.90 (3H, t). 13C NMR (75 MHz, CDCl3): δ 142.90, 
136.05, 127.70, 124.85, 123.93, 123.42, 70.30, 67.46, 31.94, 29.71, 29.70, 29.68, 
29.65, 29.63, 29.60, 29.57, 29.46, 29.38, 26.12, 22.71, 14.14. Phase transitions: 
Isotropic at RT. 
5,5′′-Bis(2-octyloxymethyl)-2,2′:5′,2′′-terthiophene (3.2-oct, 6d): 0.0990 g 5a, 
0.1041 g 3d, 0.0082 g Pd(PPh3)4. Yield: 0.0379 g (47.6%). 1H NMR (300 MHz, 
CDCl3): δ 7.08 (2H, m), 7.04 (2H, d), 6.91 (2H, d), 4.59 (2H, dq), 3.53 (1H, q), 
1.29 (10H, m), 1.18 (3H, d), 0.90 (3H, t). 13C NMR (75 MHz, CDCl3): δ 142.90, 
136.05, 127.70, 124.85, 123.93, 123.42, 74.84, 65.03, 36.54, 31.85, 29.36, 25.43, 
22.64, 19.54, 14.11. Phase transitions: Isotropic at RT. 
5,5′′-Bis((1H,1H-perfluoro-3,6-dioxadec-1-oxy)methyl)-2,2′:5′,2′′-
terthiophene (3.[4.2.2], 6e): 0.0525 g 5a, 0.1077 g 3e, 0.0035 g Pd(PPh3)4. Yield: 
0.0443 g (49.2%). 1H NMR (300 MHz, CDCl3): δ 7.09 (2H, m), 7.03 (2H, d), 
6.90 (2H, d), 4.76 (2H, s), 3.83 (2H, t). 13C NMR (75 MHz, CDCl3): δ 142.90, 
136.05, 127.70, 125.82, 124.85, 124.24, 123.93, 123.42, 121.58, 116.15, 113.81,  
113.11, 107.08, 68.35, 67.75. Phase transitions: Isotropic at RT. 
5,5′′-Bis((1H,1H-perfluoro-3,6,9-trioxatridec-1-oxy)methyl)-2,2′:5′,2′′-
terthiophene (3.[4.2.2.2], 6f): 0.0472 g 5a, 0.1092 g 3f, 0.0044 g Pd(PPh3)4. 
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Yield: 0.0474 g (48.6%). 1H NMR (300 MHz, CDCl3): δ 7.11 (2H, m), 7.08 (2H, 
d), 6.94 (2H, d), 4.78 (2H, s), 3.84 (2H, t). 13C NMR (75 MHz, CDCl3): δ 142.90, 
136.05, 127.70, 125.85, 124.85, 124.24, 123.93, 123.42, 121.58, 116.15,114.59, 
113.81, 113.25, 113.11, 107.08, 68.35, 67.75. Phase transitions: Isotropic at RT. 
 
7a (R = C10H21), 7b (R = C12H25), 7c (R = C14H29), 
7d (R = rac-2-octyl), 7e (R = [4.2.2]), 7f (R = [4.2.2.2])
S
4
ORRO
 
General synthesis of tailed quaterthiophenes 
 
5,5′-Bis(tributylstannyl)-2,2′-bithiophene (5b) (amounts vary; see specific 
reaction details below) was mixed with 2.05 equivalents of the relevant tail unit (3a-f) 
and chlorobenzene (10 mL) in a 20 mL vial. This solution was subjected twice to a 
vacuum-argon cycle, then sparged with argon for an additional 10 min. 
Tetrakis(triphenylphosphine) palladium (0) was placed in a 70 mL microwave reaction 
vessel, and the vessel was flushed with argon. The reactant solution was transferred by 
syringe and the vessel was sealed. It was placed in the microwave reactor and heated to 
200oC for 20 minutes. The resulting crude product was added to 100 mL hexanes and 
chilled in a freezer to precipitate the product. The suspension was filtered and the solid 
was purified by recrystallization from CHCl3 to yield the product as a yellow solid.  
5,5′′′-Bis(decyloxymethyl)-2,2′:5′,2′′:5′′,2′′′-quaterthiophene (4.10, 7a): 
0.0989 g 5b, 0.1011 g 3a, 0.1011 g Pd(PPh3)4. Yield: 0.0492 g (49.1%). 1H NMR 
(300 MHz, CDCl3): δ 7.09 (4H, m), 7.04 (2H, d), 6.90 (2H, d), 4.58 (2H, d), 3.45 
(2H, t), 1.60 (2H, m), 1.30 (14 H, m), 0.90 (3H, t). 13C NMR (75 MHz, CDCl3): δ 
 143 
 
142.99, 142.72, 136.05, 127.70, 124.96, 124.67, 123.94, 123.43, 70.31, 67.46, 
31.91, 29.64, 29.59, 29.57, 29.45, 29.33, 26.11, 22.69, 14.13. Phase transitions: I 
→ 130 → X (on cooling, determined by DSC). 
5,5′′′-Bis(dodecyloxymethyl)-2,2′:5′,2′′:5′′,2′′′-quaterthiophene (4.12, 7b): 
0.0911 g 5b, 0.1110 g 3b, 0.0059 g Pd(PPh3)4. Yield: 0.0503 g (50.3%). 1H NMR 
(300 MHz, CDCl3): δ 7.10 (4H, m), 7.05 (2H, d), 6.91 (2H, d), 4.59 (2H, d), 3.46 
(2H, t), 1.59 (2H, m), 1.30 (16H, m), 0.92 (3H, t). 13C NMR (75 MHz, CDCl3): δ 
142.99, 142.72, 136.05, 127.70, 124.96, 124.67, 123.94, 123.43, 70.32, 67.46, 
31.95, 29.69, 29.66, 29.63, 29.61, 29.57, 29.47, 29.38, 26.13, 22.72, 14.14. Phase 
transitions: I → 125 → X (on cooling, determined by DSC). 
5,5′′′-Bis(tetradecyloxymethyl)-2,2′:5′,2′′:5′′,2′′′-quaterthiophene (4.14, 7c): 
0.0850 g 5b, 0.1098 g 3c, 0.0057 g Pd(PPh3)4. Yield: 0.0536 g (53.3%). 1H NMR 
(300 MHz, CDCl3): δ 7.09 (4H, m), 7.04 (2H, d), 6.91 (2H, d), 4.58 (2H, d), 3.47 
(2H, t), 1.61 (2H, m), 1.30 (22H, m), 0.90 (3H, t). 13C NMR (75 MHz, CDCl3): δ 
142.99, 142.72, 136.05, 127.70, 124.96, 124.67, 123.94, 123.43, 70.30, 67.46, 
31.94, 29.71, 29.70, 29.68, 29.65, 29.63, 29.60, 29.57, 29.46, 29.38, 26.12, 22.71, 
14.14. Phase transitions: I → 121 → X (on cooling, determined by DSC). 
5,5′′′-Bis(2-octyloxymethyl)-2,2′:5′,2′′:5′′,2′′′-quaterthiophene (4.2-oct, 7d): 
0.1061 g 5b, 0.1021 g 3d, 0.0083 g Pd(PPh3)4. Yield: 0.0444 g (45.1%). 1H NMR 
(300 MHz, CDCl3): δ 7.09 (4H, m), 7.05 (2H, d), 6.90 (2H, d), 4.59 (2H, dq), 3.52 
(1H, q), 1.29 (10H, m), 1.18 (3H, d), 0.90 (3H, t). 13C NMR (75 MHz, CDCl3): δ 
142.99, 142.72, 136.05, 127.70, 124.96, 124.67, 123.94, 123.43, 74.84, 65.03, 
36.54, 31.85, 29.36, 25.43, 22.64, 19.54, 14.11. Phase transitions: Isotropic at RT. 
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5,5′′′-Bis((1H,1H-perfluoro-3,6-dioxadec-1-oxy)methyl)-2,2′:5′,2′′:5′′,2′′′-
quaterthiophene (4.[4.2.2], 7e): 0.0594 g 5b, 0.1119 g 3e, 0.0038 g Pd(PPh3)4. 
Yield: 0.0492 g (45.0%). 1H NMR (300 MHz, CDCl3): δ 7.09 (4H, m), 7.06 (2H, 
d), 6.91 (2H, d), 4.76 (2H, s), 3.83 (2H, t). 13C NMR (75 MHz, CDCl3): δ 142.99, 
142.72, 136.05, 127.70, 125.82, 124.96, 124.67, 124.24, 123.94, 123.43, 121.58, 
116.15, 113.81,  113.11, 107.08, 68.35, 67.75. Phase transitions: I → 139 → X 
(on cooling, determined by DSC). 
5,5′′′-Bis((1H,1H-perfluoro-3,6,9-trioxatridec-1-oxy)methyl)-
2,2′:5′,2′′:5′′,2′′′-quaterthiophene (4.[4.2.2.2], 7f): 0.0492 g 5b, 0.1075 g 3f, 
0.0057 g Pd(PPh3)4. Yield: 0.0477 g (44.3%). 1H NMR (300 MHz, CDCl3): δ 7.11 
(4H, m), 7.07 (2H, d), 6.91 (2H, d), 4.75 (2H, s), 3.82 (2H, t).  
13C NMR (75 MHz, CDCl3): δ 142.99, 142.72, 136.05, 127.70, 125.85, 124.96, 
124.67,  124.24, 123.94, 123.43, 121.58, 116.15,114.59, 113.81, 113.25, 113.11, 
107.08, 68.35, 67.75. Phase transitions: I → 139 → X (on cooling, determined by 
DSC). 
 
8a (R = C10H21), 8b (R = C12H25), 8c (R = C14H29), 
8d (R = rac-2-octyl), 8e (R = [4.2.2]), 8f (R = [4.2.2.2])
S
5
ORRO
 
General synthesis of tailed quinquethiophenes 
 
5,5′′-Bis(tributylstannyl)-2,2′:5′,2′′-terthiophene (5c) (amounts vary; see specific 
reaction details below) was mixed with 2.05 equivalents of the relevant tail unit (3a-f) 
and chlorobenzene (10 mL) in a 20 mL vial. This solution was subjected twice to a 
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vacuum-argon cycle, then sparged with argon for an additional 10 min. 
Tetrakis(triphenylphosphine) palladium (0) was placed in a 70 mL microwave reaction 
vessel, and the vessel was flushed with argon. The reactant solution was transferred by 
syringe and the vessel was sealed. It was placed in the microwave reactor and heated to 
200oC for 20 minutes. The resulting crude product was added to 100 mL hexanes and 
chilled in a freezer to precipitate the product. The suspension was filtered and the solid 
was purified by recrystallization from CHCl3 to yield the product as an orange solid.  
5,5′′′′-Bis(decyloxymethyl)-2,2′:5′,2′′:5′′,2′′′:5′′′,2′′′′-quinquethiophene (5.10, 
8a): 0.1130 g 5c, 0.1076 g 3a, 0.0089 g Pd(PPh3)4. Yield: 0.0677 g (52.7%). 1H 
NMR (300 MHz, CDCl3): δ 7.09 (6H, m), 7.06 (2H, d), 6.91 (2H, d), 4.58 (2H, d), 
3.46 (2H, t), 1.60 (2H, m), 1.30 (14 H, m), 0.88 (3H, t). 13C NMR (75 MHz, 
CDCl3): δ 142.97, 142.61, 142. 43, 136.02, 127.65, 124.96, 124.73,  124.64, 
123.90, 123.44, 70.31, 67.46, 31.91, 29.64, 29.59, 29.57, 29.45, 29.33, 26.11, 
22.69, 14.13. Phase transitions:  I → 192 → X (on cooling, determined by DSC). 
5,5′′′′-Bis(dodecyloxymethyl)-2,2′:5′,2′′:5′′,2′′′:5′′′,2′′′′-quinquethiophene 
(5.12, 8b): 0.1041 g 5c, 0.1088 g 3b, 0.0068 g Pd(PPh3)4. Yield: 0.0688 g 
(54.1%). 1H NMR (300 MHz, CDCl3): δ 7.08 (6H, m), 7.04 (2H, d), 6.90 (2H, d), 
4.57 (2H, d), 3.46 (2H, t), 1.61 (2H, m), 1.32 (16H, m), 0.91 (3H, t). 13C NMR (75 
MHz, CDCl3): δ 142.97, 142.61, 142. 43, 136.02, 127.65, 124.96, 124.73,  
124.64, 123.90, 123.44, 70.32, 67.46, 31.95, 29.69, 29.66, 29.63, 29.61, 29.57, 
29.47, 29.38, 26.13, 22.72, 14.14. Phase transitions: I → 182 → Sm → 101 → X 
(on cooling, determined by DSC). 
 146 
 
5,5′′′′-Bis(tetradecyloxymethyl)-2,2′:5′,2′′:5′′,2′′′:5′′′,2′′′′-quinquethiophene 
(5.14, 8c): 0.0965 g 5c, 0.1093 g 3c, 0.0062 g Pd(PPh3)4. Yield: 0.0704 g 
(55.8%). 1H NMR (300 MHz, CDCl3): δ 7.09 (6H, m), 7.05 (2H, d), 6.91 (2H, d), 
4.58 (2H, d), 3.47 (2H, t), 1.60 (2H, m), 1.30 (22H, m), 0.90 (3H, t). 13C NMR (75 
MHz, CDCl3): δ 142.97, 142.61, 142. 43, 136.02, 127.65, 124.96, 124.73,  
124.64, 123.90, 123.44, 70.30, 67.46, 31.94, 29.71, 29.70, 29.68, 29.65, 29.63, 
29.60, 29.57, 29.46, 29.38, 26.12, 22.71, 14.14. Phase transitions: I → 171 → Sm 
→ 63 → X (on cooling, determined by DSC). 
5,5′′′′-Bis(2-octyloxymethyl)-2,2′:5′,2′′:5′′,2′′′:5′′′,2′′′′-quinquethiophene 
(5.2-oct, 8d): 0.1291 g 5c, 0.1045 g 3d, 0.0082 g Pd(PPh3)4. Yield: 0.0644 g 
(47.4%). 1H NMR (300 MHz, CDCl3): δ 7.09 (6H, m), 7.05 (2H, d), 6.90 (2H, d), 
4.59 (2H, dq), 3.53 (1H, q), 1.29 (10H, m), 1.18 (3H, d), 0.90 (3H, t). 13C NMR 
(75 MHz, CDCl3): δ 142.97, 142.61, 142. 43, 136.02, 127.65, 124.96, 124.73,  
124.64, 123.90, 123.44, 74.84, 65.03, 36.54, 31.85, 29.36, 25.43, 22.64, 19.54, 
14.11. Phase transitions: I → 169 → Sm → 91 → X (on cooling, determined by 
DSC). 
5,5′′′′-Bis((1H,1H-perfluoro-3,6-dioxadec-1-oxy)methyl)-
2,2′:5′,2′′:5′′,2′′′:5′′′,2′′′′-quinquethiophene (5.[4.2.2], 8e): 0.0666 g 5c, 0.1089 
g 3e, 0.0061 g Pd(PPh3)4. Yield: 0.0318 g (46.2%). 1H NMR (300 MHz, CDCl3): 
δ 7.10 (6H, m), 7.05 (2H, d), 6.90 (2H, d), 4.76 (2H, s), 3.83 (2H, t). 13C NMR 
(75 MHz, CDCl3): δ 142.97, 142.61, 142. 43, 136.02, 127.65, 125.82, 124.96, 
124.73, 124.64, 124.24, 123.90, 123.44, 121.58, 116.15, 113.81,  113.11, 107.08, 
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68.35, 67.75. Phase transitions: I → 243 → Sm → 131 → X (on cooling, 
determined by DSC). 
5,5′′′′-Bis((1H,1H-perfluoro-3,6,9-trioxatridec-1-oxy)methyl)-
2,2′:5′,2′′:5′′,2′′′:5′′′,2′′′′ -quinquethiophene (5.[4.2.2.2], 8f): 0.0526 g 5c, 
0.1068 g 3f, 0.0043 g Pd(PPh3)4. Yield: 0.0443 g (45.4%). 1H NMR (300 MHz, 
CDCl3): δ 7.10 (6H, m), 7.07 (2H, d), 6.91 (2H, d), 4.75 (2H, s), 3.82 (2H, t). 13C 
NMR (75 MHz, CDCl3): δ 142.97, 142.61, 142. 43, 136.02, 127.65, 125.85, 
124.96, 124.73, 124.64, 124.24, 123.90, 123.44, 121.58, 116.15,114.59, 113.81, 
113.25, 113.11, 107.08, 68.35, 67.75. Phase transitions: I → 245 → Sm → 138 → 
X (on cooling, determined by DSC). 
 
9a (R = C10H21), 9b (R = C12H25), 9c (R = C14H29), 
9d (R = rac-2-octyl), 9e (R = [4.2.2]), 9f (R = [4.2.2.2])
S
6
ORRO
 
General synthesis of tailed sexithiophenes 
 
5,5′′′-Bis(tributylstannyl)-2,2′:5′,2′′:5′′,2′′′-quaterthiophene (5d) (amounts vary; 
see specific reaction details below) was mixed with 2.05 equivalents of the relevant tail 
unit (3a-f) and chlorobenzene (10 mL) in a 20 mL vial. This solution was subjected twice 
to a vacuum-argon cycle, then sparged with argon for an additional 10 min. 
Tetrakis(triphenylphosphine) palladium (0) was placed in a 70 mL microwave reaction 
vessel, and the vessel was flushed with argon. The reactant solution was transferred by 
syringe and the vessel was sealed. It was placed in the microwave reactor and heated to 
200oC for 20 minutes. The resulting crude product was added to 100 mL hexanes and 
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chilled in a freezer to precipitate the product. The suspension was filtered and the solid 
was purified by recrystallization from CHCl3 to yield the product as a red-orange solid.  
5,5′′′′′-Bis(decyloxymethyl)-2,2′:5′,2′′:5′′,2′′′:5′′′,2′′′′:5′′′′,2′′′′′-sexithiophene 
(6.10, 9a): 0.1238 g 5d, 0.1028 g 3a, 0.0088 g Pd(PPh3)4. Yield: 0.0706 g 
(56.4%). 1H NMR (300 MHz, CDCl3): δ 7.09 (8H, m), 7.04 (2H, d), 6.91 (2H, d), 
4.58 (2H, d), 3.46 (2H, t), 1.60 (2H, m), 1.30 (14 H, m), 0.91 (3H, t). 13C NMR 
(75 MHz, CDCl3): δ 142.99, 142.68, 142.49, 142. 39, 136.03, 127.66, 124.98, 
124.79, 124.70, 124.62, 123.92, 123.45, 70.31, 67.46, 31.91, 29.64, 29.59, 29.57, 
29.45, 29.33, 26.11, 22.69, 14.13. Phase transitions: I → 249 → Sm → 141 → X 
(on cooling, determined by DSC). 
5,5′′′′′-Bis(dodecyloxymethyl)-2,2′:5′,2′′:5′′,2′′′:5′′′,2′′′′:5′′′′,2′′′′′-
sexithiophene (6.12, 9b): 0.1140 g 5d, 0.1084 g 3b, 0.0077 g Pd(PPh3)4. Yield: 
0.0714 g (58.1%). 1H NMR (300 MHz, CDCl3): δ 7.10 (8H, m), 7.05 (2H, d), 
6.90 (2H, d), 4.58 (2H, d), 3.46 (2H, t), 1.60 (2H, m), 1.32 (16H, m), 0.91 (3H, t). 
13C NMR (75 MHz, CDCl3): δ 142.98, 142.67, 142.49, 142. 39, 136.03, 127.66, 
124.98, 124.79, 124.70, 124.62, 123.92, 123.45, 70.32, 67.46, 31.95, 29.69, 29.66, 
29.63, 29.61, 29.57, 29.47, 29.38, 26.13, 22.72, 14.14. Phase transitions: I → 244 
→ Sm → 137 → X (on cooling, determined by DSC). 
5,5′′′′′-Bis(tetradecyloxymethyl)-2,2′:5′,2′′:5′′,2′′′:5′′′,2′′′′:5′′′′,2′′′′′-
sexithiophene (6.14, 9c): 0.1061 g 5d, 0.1077 g 3c, 0.0059 g Pd(PPh3)4. Yield: 
0.0720 g (59.2%). 1H NMR (300 MHz, CDCl3): δ 7.09 (8H, m), 7.05 (2H, d), 
6.91 (2H, d), 4.58 (2H, d), 3.47 (2H, t), 1.60 (2H, m), 1.30 (22H, m), 0.90 (3H, t). 
13C NMR (75 MHz, CDCl3): δ 142.97, 142.67, 142.49, 142. 39, 136.03, 127.66, 
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124.98, 124.79, 124.70, 124.62, 123.92, 123.45, 70.30, 67.46, 31.94, 29.71, 29.70, 
29.68, 29.65, 29.63, 29.60, 29.57, 29.46, 29.38, 26.12, 22.71, 14.14. Phase 
transitions: I → 238 → Sm → 133 → X (on cooling, determined by DSC). 
5,5′′′′′-Bis(2-octyloxymethyl)-2,2′:5′,2′′:5′′,2′′′:5′′′,2′′′′:5′′′′,2′′′′′-
sexithiophene (6.2-oct, 9d): 0.1366 g 5d, 0.1045 g 3d, 0.0067 g Pd(PPh3)4. Yield: 
0.0626 g (48.6%). 1H NMR (300 MHz, CDCl3): δ 7.09 (8H, m), 7.04 (2H, d), 
6.91 (2H, d), 4.59 (2H, dq), 3.53 (1H, q), 1.29 (10H, m), 1.18 (3H, d), 0.90 (3H, 
t). 13C NMR (75 MHz, CDCl3): δ 142.99, 142.68, 142.49, 142. 39, 136.03, 
127.66, 124.98, 124.79, 124.70, 124.62, 123.92, 123.45, 74.84, 65.03, 36.54, 
31.85, 29.36, 25.43, 22.64, 19.54, 14.11. Phase transitions: I → 260 → Sm → 200 
→ X (on cooling, determined by DSC). 
5,5′′′′′-Bis((1H,1H-perfluoro-3,6-dioxadec-1-oxy)methyl)-
2,2′:5′,2′′:5′′,2′′′:5′′′,2′′′′:5′′′′, 2′′′′′-sexithiophene (6.[4.2.2], 9e): 0.0677 g 5d, 
0.1068 g 3e, 0.0032 g Pd(PPh3)4. Yield: 0.0494 g (47.9%). 1H NMR (300 MHz, 
CDCl3): δ 7.09 (8H, m), 7.06 (2H, d), 6.91 (2H, d), 4.76 (2H, s), 3.83 (2H, t). 13C 
NMR (75 MHz, CDCl3): δ 142.98, 142.68, 142.49, 142. 39, 136.03, 127.66, 
125.82, 124.98, 124.79, 124.70, 124.62, 124.24, 123.92, 123.45, 121.58, 116.15, 
113.81,  113.11, 107.08, 68.35, 67.75. Phase transitions: I → 147 → X (on 
cooling, determined by DSC). 
5,5′′′′′-Bis((1H,1H-perfluoro-3,6,9-trioxatridec-1-oxy)methyl)-
2,2′:5′,2′′:5′′,2′′′:5′′′,2′′′′: 5′′′′,2′′′′′-sexithiophene (6.[4.2.2.2], 9f): 0.0569 g 
5d, 0.1101 g 3f, 0.0035 g Pd(PPh3)4. Yield: 0.0545 g (53.9%). 1H NMR (300 
MHz, CDCl3): δ 7.10 (8H, m), 7.06 (2H, d), 6.91 (2H, d), 4.75 (2H, s), 3.82 (2H, 
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t). 13C NMR (75 MHz, CDCl3): δ 142.98, 142.68, 142.49, 142. 39, 136.03, 
127.66, 125.85, 124.98, 124.79, 124.70, 124.62, 124.24, 123.92, 123.45, 121.58, 
116.15,114.59, 113.81, 113.25, 113.11, 107.08, 68.35, 67.75. Phase transitions: I 
→ 248 → Sm → 149 → X (on cooling, determined by DSC). 
  
 151 
 
References 
1. Jacobson, M. Z. Energy Environ. Sci. 2009, 2, 148 - 173. 
2. Miles, R. W.; Zoppi, G.; Forbes, I. Mater. Today 2007, 10, 20-27. 
3. Pisula, W.; Zorn, M.; Chang, J. Y.; Mullen, K. Macromol. Rapid Commun. 2009, 30, 
1179–1202. 
4. Malenfant, P. R. L.; Dimitrakopoulos, C. D.; Gelorme, J. D.; Kosbar, L. L.; Graham, 
T. O.; Curioni, A.; Andreoni, W. Appl. Phys. Lett. 2002, 80, 2517-2519. 
5. Sirringhaus, H.; Brown, P. J.; Friend, R. H.; Nielsen, M. M.; Bechgaard, K.; 
Langeveld-Voss, B. M. W.; Spiering, A. J. H.; Janssen, R. A. J.; Meijer, E. W.; 
Herwig, P.; de Leeuw, D. M. Nature 1999, 401, 685-688. 
6. Demus, D.; Goodby, J.; Gray, G. W.; Spiess, H.-W.; Vill, V. Handbook of Liquid 
Crystals; Wiley VCH: Weinheim, 1998. 
7. Ebert, M.; Herrmann-Schonherr, O.; Wendorff, J. H.; Ringsdorf, H.; Tschirner, P. 
Liq. Cryst. 1990, 7, 63-79. 
8. Reddinger, J. L.; Reynolds, J. R. Adv. Poly. Sci. 1999, 145, 57-122. 
9. Shockley, W.; Queisser, H. J. J. Appl. Phys. 1961, 32, 510-519. 
10. Frommer, J. E. Acc. Chem. Res. 1986, 19, 2-9. 
11. Tian, H.; Shi, J.; He, B.; Hu, N.; Dong, S.; Yan, D.; Zhang, J.; Geng, Y.; Wang, F. 
Adv. Funct. Mater. 2007, 17, 1940–1951. 
12. Funahashi, M.; Hanna, J. Phys. Rev. Lett. 1997, 78, 2184-2187. 
13. Funahashi, M.; Hanna, J. Appl. Phys. Lett. 1998, 73, 3733-3735. 
 152 
 
14. Funahashi, M.; Hanna, J. Appl. Phys. Lett. 2000, 76, 2574-2576. 
15. Funahashi, M.; Hanna, J. I. Adv. Mater. 2005, 17, 594 –598. 
16. Van Breemen, A. J. J. M.; Herwig, P. T.; Chlon, C. H. T.; Sweelssen, J.; Schoo, H. F. 
M.; Setayesh, S.; Hardeman, W. M.; Martin, C. A.; de Leeuw, D. M.; Valeton, J. J. 
P.; Bastiaansen, C. W.; Broer, D. J.; Popa-Merticaru, A. R.; Meskers, S. C. J. J. Am. 
Chem. Soc. 2006, 128, 2336 – 2345. 
17. Software prediction by ACD/Labs. 
18. Tierney, S.; Heeney, M.; McCulloch, I. Synthetic Met. 2005, 148, 195-198. 
 
 
 153 
 
	

 
Akutagawa, T., Matsunaga, Y., & Yashuhara, K. (1994). Liq. Cryst. , 17, 659-666. 
Allen, M. P., Warren, M. A., & Wilson, M. R. (1998). Phys. Rev. E , 57, 5585-5596. 
Ashley, S. (2003). Sci. Am. , 289, 52-59. 
Bar-Cohen, Y. (Ed.). (2004). Electroactive Polymer (EAP) Actuators as Artificial 
Muscles: Reality, Potential, and Challenges. Bellingham, Washington: SPIE Press. 
Bar-Cohen, Y. (2000). Section 11; Chapter 8. In Y. Osada (Ed.), Handbook on 
Biomimetics. NTS Inc. 
Bates, M. A. (2003). Liq. Cryst. , 30, 181–190. 
Bates, M. A., & Luckhurst, G. R. (1999). Computer Simulation of Liquid Crystal Phases 
Formed by Gay-Berne Mesogens. In Structure and Bonding (Vol. 94, pp. 65-137). 
Berlin: Springer Verlag. 
Bialecka-Florjanczyk, E., Sledzinska, I., Gorecka, E., & Przedmojski, J. (2008). Liq. 
Cryst. , 35, 401-406. 
Camacho-Lopez, M., Finkelmann, H., Palffy-Muhoray, P., & Shelley, M. (2004). Nat. 
Mater. , 3, 307. 
Choi, T.-L., Rutenberg, I. M., & Grubbs, R. H. (2002). Angew. Chem. Int. Edit. , 41, 
3839-3841. 
Coleman, D. A., Jones, C. D., Nakata, M., Clark, N. A., Walba, D. M., Weissflog, W., et 
al. (2008). Phys. Rev. E , 77, 021703. 
Collings, J. C., Batsanov, A. S., Howard, J. A., & Marder, T. B. (2002). Cryst. Eng. , 5, 
37–46. 
 154 
 
Collings, P. (1990). Liquid Crystals: Nature's Delicate Phase of Matter. Princeton: 
Princeton University Press. 
Creed, D., Griffin, A. C., Gross, J. R., Hoyle, C. E., & Venkataram, K. (1988). Mol. 
Cryst. Liq. Cryst. , 155, 57-71. 
de Gennes, P. G. (1972). Solid State Commun. , 10, 753-756. 
de Gennes, P. G. (1997). C. R. Acad. Sci. Paris. IIB. , 324, 343. 
de Vries, A., Ekachai, A., & Spielberg, N. (1979). Mol. Cryst. Liq. Cryst. , 49, 143-152. 
Demus, D., Goodby, J., Gray, G. W., Spiess, H.-W., & Vill, V. (1998). Handbook of 
Liquid Crystals. Weinheim: Wiley VCH. 
Ebert, M., Herrmann-Schonherr, O., Wendorff, J. H., Ringsdorf, H., & Tschirner, P. 
(1990). Liq. Cryst. , 7, 63-79. 
Etxebarria, J., & Ros, M. B. (2008). J. Mater. Chem. , 18, 2919-2926. 
Finkelmann, H., Nishikawa, E., Pereira, G. G., & Warner, M. (2001). Phys. Rev. Lett. , 
87, 015501. 
Frommer, J. E. (1986). Acc. Chem. Res. , 19, 2-9. 
Funahashi, M., & Hanna, J. (1997). Phys. Rev. Lett. , 78, 2184-2187. 
Funahashi, M., & Hanna, J. (1998). Appl. Phys. Lett. , 73, 3733-3735. 
Funahashi, M., & Hanna, J. (2000). Appl. Phys. Lett. , 76, 2574-2576. 
Funahashi, M., & Hanna, J. I. (2005). Adv. Mater. , 17, 594 –598. 
Garoff, S., & Meyer, R. B. (1977). Phys. Rev. Lett. , 38, 848-851. 
Haché, B., & Gareau, Y. (1994). Tetrahedron Lett. , 35, 1837-1840. 
Hoag, B. P., & Gin, D. L. (2000). Macromolecules , 33, 8549-8558. 
 155 
 
Hough, L. E., Jung, H. T., Krüerke, D., Heberling, M. S., Nakata, M., Jones, C. D., et al. 
(2009). Science , 325, 456-460. 
Iqbal, P., Critchley, K., Bowen, J., Attwood, D., Tunnicliffe, D., Evans, S. D., et al. 
(2007). J. Mater. Chem. , 17, 5097-5110. 
Jacobson, M. Z. (2009). Energ. Environ. Sci. , 2, 148 - 173. 
Jakli, A., Bailey, C., & Harden, J. (2007). In A. Ramamoorthy (Ed.), Thermotropic 
Liquid Crystals (pp. 59-83). Dordrecht, the Netherlands: Springer. 
Kapernaum, N., Walba, D. M., Korblova, E., Zhu, C., Jones, C., Shen, Y., et al. (2009). 
Chem. Phys. Chem. , 10, 890-892. 
Kim, K. J., Lee, K. W., Lee, B. H., Lim, M. Y., Jeong, H. W., Chun, S. H., et al. (2006). 
U.S. Patent 2006159865.  
Kohler, R., Stannarius, R., Tolksdorf, C., & Zentel, R. (2005). Appl. Phys. A - Mater. , 
80, 381–388. 
Komp, A., Ruhe, J., & Finkelmann, H. (2005). Macromol. Rapid Comm. , 26, 813-818. 
Kuboshita, M., Matsunaga, Y., & Miyauchi, T. (1995). Mol. Cryst. Liq. Cryst. A , 264, 
145-153. 
Lehmann, W., Skupin, H., Tolksdorf, C., Gebhard, E., Zentel, R., Kruger, P., et al. 
(2001). Nature , 410, 447. 
Lemieux, R. (2010). http://www.chem.queensu.ca/people/faculty/lemieux/images/web-
Fig.%201.jpg.  
Link, D. R., Natale, G., Shao, R., Maclennan, J. E., Clark, N. A., Korblova, E., et al. 
(1997). Science , 278, 1924-1927. 
 156 
 
Lodish, H., Berk, A., Zipursky, S., Matsudaira, P., Baltimore, D., & Darnell, J. (2000). 
Molecular Cell Biology, 4th Ed. New York, NY: W.H. Freeman and Company. 
Malenfant, P. R., Dimitrakopoulos, C. D., Gelorme, J. D., Kosbar, L. L., Graham, T. O., 
Curioni, A., et al. (2002). Appl. Phys. Lett. , 80, 2517-2519. 
Miles, R. W., Zoppi, G., & Forbes, I. (2007). Mater. Today , 10, 20-27. 
Mirfakhrai, T., Madden, J. D., & Baughman, R. H. (2007). Mater. Today , 10, 30-38. 
Murphy, D. B., Spring, K. R., Fellers, T. J., & Davidson, M. W. 
http://www.microscopyu.com/articles/polarized/birefringenceintro.html.  
Naciri, J., A., S., Jeon, H., Nikolov, N., Keller, P., & Ratna, B. R. (2003). 
Macromolecules , 36, 8499. 
Niori, T., Sekine, T., Watanabe, J., Furukawa, T., & Takezoe, H. (1996). Abstracts of the 
16th International Liquid Crystal Conference, (p. 126). Kent, OH. 
Niori, T., Sekine, T., Watanabe, J., Furukawa, T., & Takezoe, H. (1996). J. Mater. Chem. 
, 6, 1231-1233. 
Nishikawa, E., Finkelmann, H., & Brand, H. R. (1997). Macromol. Rapid Comm. , 18, 
65. 
Pelzl, G., Diele, S., & Weissflog, W. (1999). Adv. Mater. , 11, 707–724. 
Pisula, W., Zorn, M., Chang, J. Y., & Mullen, K. (2009). Macromol. Rapid Comm. , 30, 
1179–1202. 
Prucker, O., Naumann, C. A., Ruhe, J., Knoll, W., & Frank, C. W. (1999). J. Am. Chem. 
Soc. , 121, 8766-8770. 
Rappaport, A. G., Williams, P. A., Thomas, B. N., Clark, N. A., Ros, M. B., & Walba, D. 
M. (1995). Appl. Phys. Lett. , 67, 362-364. 
 157 
 
Rastegar, A., Wulterkens, G., Verscharen, H., Rasinga, T., & Heppke, G. (2000). Rev. 
Sci. Instrum. , 71, 4492 - 4496. 
Reczek, J. J., Villazor, K. R., Lynch, V., Swager, T. M., & Iverson, B. L. (2006). J. Am. 
Chem. Soc. , 128, 7995-8002. 
Reddinger, J. L., & Reynolds, J. R. (1999). Adv. Polym. Sci. , 145, 57-122. 
Reddy, R. A., & Tschierske, C. (2006). J. Mater. Chem. , 16, 907-961. 
Renn, S. R., & Lubensky, T. C. (1988). Phys. Rev. A , 38, 2132-2147. 
Sekine, T., Niori, T., Sone, M., Watanabe, J., Choi, S. -W., Takanishi, Y., et al. (1997). 
Jpn. J. Appl. Phys. , 36, 6455–6463. 
Sekine, T., Niori, T., Watanabe, J., Furukawa, T., Choi, S. W., & Takezoe, H. (1997). J. 
Mater. Chem. , 7, 1307-1309. 
Sekine, T., Takanishi, Y., Niori, T., Watanabe, J., & Takezoe, H. (1997). Jpn. J. Appl. 
Phys. , 36, L1201–L1203. 
Shao, R., Maclennan, J., Clark, N., Dyer, D., & Walba, D. (2001). Liq. Cryst. , 28, 117-
123. 
Shen, D., Pegenau, A., Diele, S., Wirth, I., & Tschierske, C. (2000). J. Am. Chem. Soc. , 
1593-1601, 122. 
Shockley, W., & Queisser, H. J. (1961). J. Appl. Phys. , 32, 510-519. 
Sinnokrot, M. O., & Sherrill, C. D. (2003). J. Phys. Chem. A , 107, 8377-8379. 
Sirringhaus, H., Brown, P. J., Friend, R. H., Nielsen, M. M., Bechgaard, K., Langeveld-
Voss, B. M., et al. (1999). Nature , 401, 685-688. 
Spillmann, C., Ratna, B., & Naciri, J. (2007). Appl. Phys. Lett. , 90, 021911. 
Stark, P. A., Stewart, E. G., & Everaerts, A. I. (1977). International patent WO 97/07161.  
 158 
 
Szydlowska, J., Mieczkowski, J., Matraszek, J., Bruce, D. W., Gorecka, E., Pociecha, D., 
et al. (2003). Phys. Rev. E , 67, 031702. 
Takezoe, H., & Takanishi, Y. (2006). Jpn. J. Appl. Phys. , 45, 597-625. 
Thisayukta, J., Takezoe, H., & Watanabe, J. (2001). Jpn. J. Appl. Phys. , 40, 3277–3287. 
Thomsen, D. L., Keller, P., Naciri, J., Pink, R., Jeon, H., Shenoy, D., et al. (2001). 
Macromolecules , 34, 5868-5875. 
Tian, H., Shi, J., He, B., Hu, N., Dong, S., Yan, D., et al. (2007). Adv. Funct. Mater. , 17, 
1940–1951. 
Tierney, S., Heeney, M., & McCulloch, I. (2005). Synthetic Met. , 148, 195-198. 
Tsai, E. (2006). Design and Synthesis of Novel Bent-Core Liquid Crystals (Thesis). 
Boulder, CO: University of Colorado. 
Tsai, E., Richardson, J. M., Walba, D. M., & Clark, N. A. (n.d.). Science. , To be 
submitted for publication. 
Van Breemen, A. J., Herwig, P. T., Chlon, C. H., Sweelssen, J., Schoo, H. F., Setayesh, 
S., et al. (2006). J. Am. Chem. Soc. , 128, 2336 – 2345. 
Vorlander, D., Apel, A., & Galka, W. (1932). Chem. Ber. , 1101–1109. 
Walba, D. (1991). Ferroelectric Liquid Crystals: A Unique State of Matter. In T. E. 
Mallouk (Ed.), Advances in the Synthesis and Reactivity of Solids (Vol. 1, pp. 173-235). 
JAI Press. 
Walba, D. M. (2003). In M. M. Green, R. J. Nolte, E. W. Meijer, & S. E. Denmark 
(Eds.), Topics in Stereochemistry, Materials-Chirality (Vol. 24, pp. 457-518). New York: 
Wiley. 
 159 
 
Walba, D. M., Eshdat, L., Körblova, E., & Shoemaker, R. K. (2005). Cryst. Growth Des.  
5, 2091-2099. 
Walba, D. M., Körblova, E., Shao, R., Maclennan, J. E., Link, D. R., Glaser, M. A., et al. 
(2000). J. Phys. Org. Chem. , 13, 830-836. 
Walba, D. M., Körblova, E., Shao, R., Maclennan, J. E., Link, D. R., Glaser, M. A., et al. 
(2000). Science , 288, 2181-2184. 
Walba, D. M., Yang, H., Shoemaker, R. K., Keller, P., Shao, R., Coleman, D. A., et al. 
(2006). Chem. Mater. , 18, 4576-4584. 
Watt, S. W., Dai, C., Scott, A. J., Burke, J. M., Thomas, R. L., Collings, J. C., et al. 
(2004). Angew. Chem. Int. Edit. , 43, 3061 –3063. 
Weissflog, W., Lischka, C., Benne, L., Scharf, T., Pelzl, G., Diele, S., et al. (1998). In M. 
Tykarska, R. D̨abrowski, & J. Zieliński (Eds.), Liquid Crystals: Chemistry and Structure 
(Vol. 3319, pp. 14-19). Bellingham, Washington: SPIE. 
Wermter, H., & Finkelmann, H. 0. (2001). e-Polymers , 013. 
Wilderbeek, H. T., van der Meer, M. G., Bastiaansen, C. W., & Broer, D. J. (2002). J. 
Phys Chem. B. , 106, 12874-12883. 
Williams, P. A., Clark, N. A., Ros, M. B., Walba, D. M., & Wand, M. D. (1991). 
Ferroelectrics , 121, 143-146. 
Xue, J., & Clark, N. (1990). Phys. Rev. Lett. , 307, 64. 
Yang, H. (2007). Main-Chain Chiral Smectic Liquid Crystalline Polymers for Electro-
Mechanical and NLO Application (Thesis). Boulder, CO: University of Colorado. 
Yang, H., Buguin, A., Taulemesse, J., Kaneko, K., Mery, S., Bergeret, A., et al. (2009). J. 
Am. Chem. Soc. , 131, 15000–15004. 
 160 
 
Yang, H., Richardson, J. M., Walba, D., Zhu, C., Shao, R., Clark, N. A., et al. (2010). 
Liq. Cryst. , 37, 325-334. 
Yang, H., Wang, L., Shao, R., Clark, N., Ortega, J., Etxebarria, J., et al. (2009). J. Mater. 
Chem. , 19, 7208–7215. 
 
  
 161 
 
		
	

Chapter 2 
 
Name Structure Pages 
Nitro core 
HO OH
NO2
2
 
20-21, 40-41 
Chiral tail HO
5
 
20-21, 41 
Left half of 
W525 7 O
O
OH8
 
20-21, 42 
Right half of 
W525 HO
NO2
O
49
 
20-21, 43 
W525 
 O
NO2
O
4
7
O
O
10
 
20-21, 44 
Poly-W525 
O
NO2
O
4
7
O
O
n11a n = 75
11b n = 265
 
21-24, 45-47 
Cinnamate 
ester 
HO
O
OMe
12
 
25, 47 
Cinnorb O
O
O
OMe
13a
 
24-27, 47-48 
Biscinnorb O
O
O
O
O
OMe
O
OMe
13b
 
24-27, 48-49 
 162 
 
W525-
Cinnorb 
copolymer 
O
OMe
O
NO2
O
4
7
O
O
14a
n(100-n)
 
24-27, 49-50 
W525-
Biscinnorb 
copolymer 
O
MeO
O
OMe
O
NO2
O
4
7
O
O
n(100-n)
14b
 
24-27, 51-52 
Benzophen-
one 
crosslinker 
O
O O
O
15
 
27-29, 52-53 
 
Bromo tail 
for W642 
COOMeOBr 8
16
 
30-31, 53 
Thiol tail for 
W642 
COOHOHS 8
17
 
30-31, 53 
W642 
O
NO2
O
4
HS
8 O
O
18
 
29-34, 54-55 
Poly-W642 
O
NO2
O
4
S
8 O
O
19 n
 
31-34, 55-57 
 
 
  
 163 
 
Chapter 3 
 
Name Structure Pages 
Side-arm 
ester O
O
HO
CH3
2
 
79, 95 
Fluoroether 
triflates: 
[4.2.2]OTf, 
[4.2.2.2]OTf 
F3C
F2
C C
F2
F2
C O
F2
C C
F2
O C
F2
O S CF3
O
O
n
3a (n=1), 3b (n=2)
 
79-80, 95-96 
Protected 
bent-core 
H3CO
OCH3
7
 
80, 96-97 
Bent-core 
HO
OH
8
 
80, 97 
Alkyl-tailed 
esters O CH3
O
O
R
9a (R=C9H19), 9b (R=C10H21), 9c (R=C11H23), 9d (R=C12H25), 
9e (R=C13H27), 9f (R=C14H29), 9g (R=C15H31)
 
80-81, 98-
101 
Fluoroether-
tailed esters F3C
F2
C C
F2
F2
C O
F2
C C
F2
O C
F2
O
n
O
O
CH3
9h (n=1), 9i (n=2)
 
80-81, 101-
102 
Branched-
tailed esters R O
O
O
CH3
9j (R=C6H13)
 
80-81, 102-
103 
Tailed 
carboxylic 
acids 
OH
O
O
R
10a (R=C9H19), 10b (R=C10H21), 10c (R=C11H23), 10d (R=C12H25), 
10e (R=C13H27), 10f (R=C14H29), 10g (R=C15H31), 10h (R=[4.2.2]),
10i (R=[4.2.2.2]), 10j (R=chiral 2-octyl)
 
81, 103-107 
W618 
O
O
OR
O R
O
O
11a (R=C9H19)
 
81-84, 107-
108 
 164 
 
W513 
O
O
OR
O R
O
O
11b (R=C10H21)
 
75-78, 81-83, 
85, 107-108 
W619 
O
O
OR
O R
O
O
11c (R=C11H23)
 
81-83, 86, 
107-109 
W609 
O
O
OR
O R
O
O
11d (R=C12H25)
 
81-83, 87, 
107, 109 
W625 
O
O
OR
O R
O
O
11e (R=C13H27)
 
81-83, 88, 
107, 109-110 
W610 
O
O
OR
O R
O
O
11f (R=C14H29)
 
81-83, 89, 
107, 110 
 165 
 
W620 
O
O
OR
O R
O
O
11g (R=C15H31)
 
81-83, 90, 
107, 110-111 
W540 
O
O
OR
O R
O
O
11h (R=[4.2.2])
 
78, 81-83, 
91, 107, 111 
W622 
O
O
OR
O R
O
O
11i (R=[4.2.2.2])
 
81-83, 91-92, 
107, 111-112 
W626 
O
O
OR
O R
O
O
11j (R=chiral 2-octyl)
 
81-83, 92, 
107, 112 
 
 
  
 166 
 
Chapter 4 
 
Name Structure Pages 
Thiophene 
alcohol 
S
OHBr
2
 
127-129, 134 
Thiophene 
trichloroac-
etimidate 
S
OBr
2a
NH
CCl3
 
127-129, 135 
Alkyl-tailed 
thiophene 
S
ORBr
3a (R = C10H21), 3b (R = C12H25), 3c (R = C14H29)
 
127-129, 
135-137 
Fluoroether- 
or branched-
tailed 
thiophene 
S
ORBr
3d (R = rac-2-octyl), 3e (R = [4.2.2]), 3f (R = [4.2.2.2])
 
127-129, 
137-138 
Bis(tributyl-
stannyl) 
oligothioph-
enes 
SBu3Sn SnBu3
n5
5b: n = 2
5c: n = 3
5d: n = 4
 
127, 129, 
138-139 
Tailed 
terthioph-
enes 
6a (R = C10H21), 6b (R = C12H25), 6c (R = C14H29), 
6d (R = rac-2-octyl), 6e (R = [4.2.2]), 6f (R = [4.2.2.2])
S
3
ORRO
 
125-131, 
140-142 
Tailed 
quaterthio-
phenes 
7a (R = C10H21), 7b (R = C12H25), 7c (R = C14H29), 
7d (R = rac-2-octyl), 7e (R = [4.2.2]), 7f (R = [4.2.2.2])
S
4
ORRO
 
125-131, 
142-144 
Tailed 
quinquethio-
phenes 
8a (R = C10H21), 8b (R = C12H25), 8c (R = C14H29), 
8d (R = rac-2-octyl), 8e (R = [4.2.2]), 8f (R = [4.2.2.2])
S
5
ORRO
 
125-131, 
144-147 
Tailed 
sexithio-
phenes 
9a (R = C10H21), 9b (R = C12H25), 9c (R = C14H29), 
9d (R = rac-2-octyl), 9e (R = [4.2.2]), 9f (R = [4.2.2.2])
S
6
ORRO
 
125-131, 
147-150 
 
